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 5 
General Introduction 
 
Organophosphorus chemistry is a very broad and exciting field, with many 
opportunities for academic research or application development. The synthesis of the first 
diphosphene (compound having the –P=P– skeleton) 28 years ago opened a new field in 
multiple bonded phosphorus derivatives chemistry. 
Due to an increased interest in low-coordinate phosphorus compounds of such 
type, mainly for their coordination ability, an important step was the synthesis of 
phospha- and diphosphaallenes –P=C=C< and –P=C=P– and the study of their possible 
use as ligands to transition metals. These compounds are very interesting due to their 
possible catalytic activity.  
Due to the multiple valence possibilities, various systems containing the P=C=P 
moiety can be imagined. Amongst the derivatives already described in the literature, 
symmetric ones like 1λ3σ2, 3λ3σ2 and 1λ3σ2, 3λ5σ3 or asymmetric ones such as 1λ4σ3, 
3λ5σ3 and 1λ3σ5, 3λ5σ4 can be mentioned.  
 
Until the beginning of the work presented in this PhD, no asymmetric 1λ3σ2, 
3λ5σ3-diphosphaallenes have been described. These systems are interesting since the two 
phosphorus atoms would present two different coordinences. The 1λ3σ2, 3λ5σ3-
diphosphaallenes and their metallic complexes can display a wide range of applications, 
from catalytic to biological activity. 
 
The first chapter reviews the literature data published on diphosphaallene 
systems. Their synthesis and physico-chemical properties have been considered and 
accent was put on their coordination properties. The second part presents the synthesis 
and a brief characterization of 1λ5σ4, 2λ3σ2-diphosphapropenes, possible precursors to 
P=C=P(E) systems (E = O, S). The theoretical investigations on stability and 
characterization of diphosphaallenes have also been taken into account. 
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Chapter 2 refers to original contributions on the theoretical investigation carried 
out for the compounds of the general formula CH2P2O in order to compare the stability of 
HP=C=P(O)H with its cyclic and acyclic isomers; substituents effects by halogens, alkyl 
and aryl groups are also discussed.  
Chapter 3 presents the synthesis of a new diphosphosphaallene, 
Mes*P=C=P(O)Mes*, its physico-chemical characterization and some details about its  
stability and its chemical behavior. 
 
The 4th chapter deals with the synthesis of various diphosphapropene systems 
containing the Mes*P=C(Cl)-P(E)(Cl)R (E = O, S; R = Mes, t-Bu) skeleton. Synthesis 
pathway and some complexes obtained through coordination to tungsten and palladium 
are also discussed. A new diphosphabutadiene is also presented. 
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Introduction générale 
 
La chimie des dérivés organophosphorés est un domaine très vaste, avec de 
nombreuses possibilités de recherche à la fois fondamentale et en vue d'applications. La 
synthèse du premier diphosphène (composé à double liaison -P = P-) il y a 28 ans avait 
ouvert un nouveau domaine d’études dans la chimie des dérivés phosphorés avec des 
liaisons multiples. 
En raison du grand intérêt pour les composés du phosphore à basse coordinence 
de ce type, notamment pour leur capacité de coordination, une étape importante a été la 
synthèse de phospha- et diphosphaallènes -P=C=C< et -P=C=P- et l'étude de leur 
utilisation en tant que ligands de métaux de transition. Ces complexes sont très 
intéressants en raison de leur activité catalytique. 
Grâce aux multiples possibilités de valence du phosphore, divers systèmes 
contenant le motif P=C=P peuvent être imaginés. Parmi les dérivés déjà décrits dans la 
littérature, nous mentionnerons des diphosphaallènes symétriques de type 1λ3σ2,3λ3σ2 et 
1λ5σ3,3λ5σ3, ou des diphosphaallènes asymétriques de type 1λ4σ3,3λ5σ3 et 1λ5σ3,3λ5σ4.  
 
Au début de ce travail, il n’y avait aucun diphosphaallène asymétrique de type 
1λ3σ2,3λ5σ3. Ces systèmes sont intéressants puisque les deux atomes de phosphore 
présentent deux types de coordinences  différentes. Les systèmes diphosphaalléniques de 
type 1λ3σ2, 3λ5σ3 et leurs complexes métalliques peuvent présenter un large éventail 
d'applications, comme catalyseurs ou produits possédant une activité biologique. 
 
Le premier chapitre est une revue bibliographique sur les systèmes du type 
diphosphaallène. Les voies de synthèse et les propriétés physico-chimiques de ces dérivés 
ont tout d’abord été examinées et l'accent a été mis sur leurs propriétés de coordination. 
La seconde partie présente la préparation et une brève caractérisation de  
1λ5σ4, 2λ3σ2-diphosphapropènes, précurseurs possibles de systèmes cumuléniques 
P=C=P(E)(E = O, S). Des études théoriques sur les diphosphaallènes ont également été 
décrites. 
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Le deuxième chapitre présente des résultats originaux sur des calculs théoriques 
de dérivés de formule brute CH2P2O pour déterminer la stabilité relative du 
diphosphaallène modèle HP=C=P(O)H par rapport à ses isomères cycliques ou 
acycliques. Les effets de substituants (halogènes, alkyles, aryles) sur la stabilisation du 
motif -P=C=P(O)- sont discutés. 
 
Le troisième chapitre décrit la synthèse d'un nouveau diphosphosphaallène, 
Mes*P=C=P(O)Mes*, sa caractérisation physico-chimique et quelques aspects de sa 
stabilité et de sa réactivité. 
 
Enfin le 4ème chapitre concerne la synthèse de divers systèmes 
diphosphapropéniques tels que  Mes*P=C(Cl)-P(E)(Cl)R (E = O, S; R = Mes, t-Bu). Les 
voies d’accès à ces dérivés ainsi que leurs complexes obtenus par coordination sur le 
tungstène et le palladium sont présentés. 
Un nouveau diphosphabutadiène est également décrit. 
Abbreviations 
 
 
 
t-Bu tert-butyl  
Mes Mesityl = 2,4,6-trimethylphenyl 
 
Mes* Supermesityl = 2,4,6-tri-tert-
butylphenyl 
 
COD 1,5-Cyclooctadiene 
 
DMSO Dimethylsulfoxide 
 
THF Tetrahydrofurane 
 
Cp Cyclopentadienyl 
 
Me Methyl  
n-Bu Normal-butyl  
Ph Phenyl 
 
Np Naphthalene 
 
DBU 1,8-diazabicyclo-[5.4.0]-undec-7-ene 
 
CyP  
 
 
NMR Nuclear Magnetic Resonance  
HMBC Heteronuclear Multiple Bond 
Connectivity 
 
HSQC Heteronuclear Single Quantum 
Coherence 
 
COSY Correlation Spectroscopy  
DFT Density Functional Theory  
λ Number of bonds on a phosphorus 
atom 
 
σ Number of substituents on a 
phosphorus atom 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 1 . Bibliographic review on diphosphaallenic and 
diphosphapropenic systems 
 
Chapter 1. Bibliographic review on diphosphaallenic and diphosphapropenic systems 
 13  
RESUME 
 
Ce chapitre présente une revue bibliographique sur les diphosphaallènes et les 
diphosphapropènes. Tous les types de diphosphaallènes possibles (10), dont seulement 5 
ont été décrits jusqu'à présent, sont tout d’abord présentés. En effet de nombreuses 
structures sont possibles grâce aux différentes coordinences que  peut avoir le phosphore, 
ce qui fait la richesse de sa chimie. Les substituants les plus utilisés pour stabiliser les 
phosphores à basse coordinence sont également rapportés: en raison de la dimérisation très 
facile des doubles liaisons P=C, il est nécessaire d’utiliser des groupements à fort effet 
stérique pour empêcher l’approche de 2 molécules et ainsi leur dimérisation.  
Afin d’identifier sans ambiguïté les phosphores ayant des coordinences différentes, la 
nomenclature λ et σ a été introduite, λ correspondant au nombre de liaisons et σ au nombre 
de substituants sur le phosphore. Un exemple est donné ci-dessous avec les 5 familles de 
diphosphaallènes synthétisés à ce jour. 
 
 
 
Les méthodes de synthèse de chaque famille de diphosphaallènes sont présentées, 
ainsi que certaines de leurs données physicochimiques, notamment de RMN 31P et de RX. 
Les δ 31P sont caractéristiques de la coordination du phosphore. 
L’angle P-C-P n’est jamais  égal à 180°, comme dans les allènes >C=C=C<, et varie 
énormément en fonction de la coordinence du phosphore. Il en est cependant proche dans 
les diphosphaallènes λ3σ2/λ3σ2 –P=C=P- qui peuvent donc être considérés comme des 
hétéroallènes.  
 
La seconde partie de ce chapitre est consacrée aux diphosphapropènes du type  
–P=C(R)–P< et –P=C(R)–P(E)< (E = O, S) possédant des atomes de phosphore λ3σ2 et  
λ
3
σ
3
 ou λ5σ4. De tels dérivés, lorsqu’ils sont substitués par 2 atomes d’halogène sur le 
carbone central et sur l’atome de phosphore λ3σ3 ou λ5σ4, sont des précurseurs potentiels 
des diphosphaallènes correspondants. La synthèse de ces diphosphapropènes est 
brièvement présentée ci-après. 
Chapter 1. Bibliographic review on diphosphaallenic and diphosphapropenic systems 
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Les caractéristiques physico-chimiques (RMN 31P et longueurs et angles de liaisons 
obtenus à partir des études par rayons X) sont également présentées.  
Enfin, la dernière partie décrit des études théoriques faites sur les diphosphaallènes 
de type –P=C=P–, notamment la géométrie, la structure électronique, la distribution des 
charges, les fréquences vibrationnelles et l’affinité protonique. 
Des calculs ab-initio ont permis de déterminer l’ordre de stabilité de 7 isomères 
possibles de formule brute CH2P2. 
 
L’ordre de stabilité est le suivant: 
 
 
23<25<27<24<22 
 
Une comparaison a été effectuée avec 5 isomères du type HXCP2 et XX’CP2  
(X, X’ = Cl, F). Les atomes d’halogène, notamment de fluor, modifient sérieusement 
l’ordre des différents isomères.  
Chapter 1. Bibliographic review on diphosphaallenic and diphosphapropenic systems 
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1.1. Introduction 
 
 
Phosphorus is certainly one of the most important non-metals of the Periodic Table. 
It plays a central role in biochemistry, organic synthesis, coordination chemistry, 
homogenous catalysis and material science. [1] The complexes obtained through the 
coordination of a phosphorus atom to a transition metal such as nickel, platinum or 
palladium have been long used as catalysts for polymerization, dehydrogenation or 
coupling reactions. [2] 
Scientists interest in organophosphorus chemistry increased after the synthesis of the 
first diphosphene, Mes*P=PMes* (Mes* = 2,4,6-tri-tert-butylphenyl) [3] in the 80’s. An 
entire class of heteroalkenes, alkenes analogues that involve a doubly bonded 14 and (or) 
15 elements, has been described in the last 30 years. The synthesis of stable E14=E14, 
E15=E14 and E15=E15 derivatives has been possible mostly by using bulky substituents like 
Mes*, Mes (2,4,6-trimethylphenyl), tert-butyl or adamantyl  
(1-tricyclo[3.3.1.13,7]decanyl). [ 4] 
After the synthesis of the almost complete series of heteroalkenes, a new and 
important challenge was the synthesis and stabilization of heteroallenes E=C=E’  
(E, E’ = group 14 or 15 elements). Due to the presence of two adjacent double bonds, these 
derivatives are less stable and prone to dimerization and cyclization reactions than similar 
heteroalkenes because with similar groups on E and E’, the steric hindrance around the 
E=C and E’=C double bonds in less important than in the case of the E=E’ double bond. 
Although not all of the prepared compounds have been isolated (some of them were only 
observed as transient species), derivatives of –P=C=Y (Y = C, N, P, As, O, S) or >E=C=Y 
(E = Si, Ge, Sn; Y = C, N, P) type have been described in the last decades. [5] 
 
This chapter presents a bibliographic review on the synthesis and characterization of 
1,3-diphosphaallenes. The synthetic methods used for the preparation of  
1,3-diphosphapropenes as precursors of diphosphaallenes will also be discussed together 
with the theoretical calculations performed on various diphosphaallenes.  
Chapter 1. Bibliographic review on diphosphaallenic and diphosphapropenic systems 
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1.2. Synthesis and characterization of 1,3-diphosphaallenes 
 
 
 
Diphosphaallenes are unsaturated derivatives of phosphorus that are analogues of 
allenes. The instability of these systems, due mainly to the presence of double bonded 
phosphorus atoms, has made the synthesis and characterization of such compounds very 
challenging. –P=C< derivatives have been obtained by using several groups on the 
phosphorus atoms that, through either steric or electronic effects, stabilize the double bond. 
(Figure 1.1): [6] 
 
 
Figure 1.1. Protecting groups used for the stabilization of low coordinate 
 organophosphorus compounds. 
 
In the case of 1,3-diphosphaallenes, only the 2,4,6-t-Bu3C6H2, 2,6-t-Bu2C6H3 and 
(Me3Si)3C groups have been successfully used. 
Diphosphaallenes, together with other phosphorus derivatives, have been classified 
by the number of bonds abbreviated by λ and the number of substituents on the phosphorus 
atom abbreviated by σ.  
Several types of diphosphaallenes can be imagined depending on bonding situation of 
the phosphorus atoms involved in the cumulative double bonds. Due to the multiple 
Chapter 1. Bibliographic review on diphosphaallenic and diphosphapropenic systems 
 17  
valence possibilities of phosphorus atoms, ten types of 1,3-diphosphaallenes can be 
described (a-j) containing equivalent or different phosphorus atoms (Figure 1.2). 
 
 
Figure 1.2. Possible diphosphaallene structures. 
 
Amongst the possible diphosphaallenes presented, only half of them have been 
synthesized and characterized (a-e) by the beginning of our work. 
 
We present here the synthesis and spectroscopic characterization of  
1,3-diphosphaallenes, mainly the NMR data and X-ray diffraction studies.  
Due to the insaturation on both phosphorus and sp-hybridized carbon atoms, the 
reactivity of diphosphaallenes consists in reactions common to alkenes such as addition 
reactions, various rearrangements or even decomposition reactions.  
These heteroallenic compounds have a considerable potential as ligands as they can 
coordinate to a transition metal either through one or both double bonds or the phosphorus 
lone pair (for the dicoordinate phosphorus–containing heteroallene). The possible bonding 
modes are depicted in Scheme 1.1. [7] 
 
Chapter 1. Bibliographic review on diphosphaallenic and diphosphapropenic systems 
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Scheme 1.1. Possible bonding modes for 1,3-diphosphaallene complexes. 
 
1.2.1. Synthesis and characterization of 1λ5σ4,3λ5σ4-diphosphaallenes 
(a) 
 
The first carbodiphosphorane 1, diphosphaallene of type a, was described in 1961 by 
Ramires et al. [8] as a moisture sensitive and very reactive compound. The synthesis of 
this derivative was achieved through the deprotonation of  
methylidebis(triphenylphosphonium)bromide with potassium, in diglyme. 
 
 
 
This derivative was characterized by single crystal X-ray diffraction only two 
decades later. The P-C-P bond angle found in this structure was 131.7° with an average 
C=P bond length of 1.635 Å. [9] Other carbodiphosphoranes containing different organic 
groups on the phosphorus atoms (Me, t-Bu, N(i-Pr)2) have been characterized through  
X-ray diffraction studies. 
 
Chapter 1. Bibliographic review on diphosphaallenic and diphosphapropenic systems 
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P1-C1 1.633Å, C1-P2 1.637 Å,  
P1-C1-P2 131.7° 
 
 P1-C1 1.648Å, C1-P2 1.648 Å,  
P1-C1-P2 121.84° 
Figure 1.3. X-ray structure of carbodiphosphoranes. 
 
1λ5σ4,3λ5σ4-diphosphaallene 1 was described as a slightly sensitive compound that 
reacts slowly with water or bromine giving the corresponding addition products. [8] 
 
 
 
The chemistry of carbodiphosphosphorane 1 was studied in some addition reactions 
by several research groups and numerous compounds were isolated [10]. The reactions 
include addition of Lewis bases, chalcogens, [11] halogens [12] or carbon monoxide. [13]  
Concerning the coordination behaviour to transition metals, various compounds were 
synthesized and fully characterized. They include η1 and η2 complexes of Ni, [14] Ag, [15] 
Cu, [16] Pd and Pt [17] coordinated through the carbon atom, as presented in Scheme 1.2. 
P1 P2 
C1 
P1  P2 
C1 
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D
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C
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Scheme 1.2. Coordination properties of carbodiphosphoranes. 
 
Almost all the described complexes are formed through addition reaction to one of 
the P=C double bonds. Several of the derivatives have been characterized through X-ray 
diffraction studies. [14, 18, 19, 20, 21] The observed P=C=P angle ranges in the described 
structures from 138° to 105°, confirming an sp2 hybridization of the carbon atom.  
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P1-C1 1.677Å, C1-P2 1.676 Å, 
C1-Ni1 1.990 Å, P1-C1-P2 132.2° [14] 
 
P1-C1 1.683 Å, C1-P2 1.687 Å, 
C1-In1 2.332 Å, P1-C1-P2 124.4° [18] 
 
P1-C1 1.692 Å, C1-P2 1.693 Å, 
Rh1-C1 2.165 Å, P1-C1-P2 124.5° [19] 
 
P1-C1 1.679 Å, C1-P2 1.677 Å, 
C1-Pd1 2.126 Å, P1-C1-P2 105.6° [20] 
 
P1-C1 1.776Å, C1-P2 1.776 Å, Au1-C1 2.078 Å, Au2-C1 2.074 Å 
P1-C1-P2 117.3° [21] 
Figure 1.4. X-ray structure of some carbodiphosphorane complexes. 
P1 
P2 
C1 
Rh1 
P1 
P2 
C1 
Pd1 
P1 P2 C1 
Au1 Au2 
P1 
P2 
C1 
In1 
P1 P2 
C1 
Ni 
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1.2.2. Synthesis and characterization of 1λ3σ2, 3λ3σ2-diphosphaallenes 
(b)  
 
Although only few diphosphaallenes containing the –P=C=P– fragment have been 
described, various methods of synthesis are reported. [5, 22] The preparation of stable  
1λ3σ2,3λ3σ2-diphosphaallenes can be achieved starting from differently substituted  
1,3-diphosphapropenes through HX elimination with bases, [23, 24] dehalogenation, [25] 
lithium silanolate elimination, [26] or photochemical extrusion of carbon disulfide. [27] 
Peterson olefination-like reactions involving a phosphaketene [28] or an intermediate 
phosphathioketene [29] and ring-opening reactions of functionalized diphosphiranes [30] 
have also provided stable 1λ3σ2,3λ3σ2-diphosphaallenes (Scheme 1.3). 
 
 
Scheme 1.3. Synthetic routes to diphosphaallenes. 
Karsch [31] synthesized the first diphosphaallene 2 in 1984. The method used 
involves first the synthesis of a P-chlorodiphosphapropene from a tetrachlorodiphosphine. 
Then, the action of potassium tert-butylate on this precursor gives the desired derivative 
through an elimination reaction. 
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A similar dehydrochlorination was used by Yoshifuji et al. from the  
C-chlorodiphosphapropene 3 with the reverse H and Cl substitution (H on P and Cl on C 
instead of H on C and Cl on P). The base used in this case for dehydrohalogenation was 
DBU (1,8-diazabicyclo[5.4.0]undec-7-ene). [24]  
 
 
 
1λ3σ2,3λ3σ2-Diphosphaallenes exhibit chemical shifts at low field for both 
phosphorus (ranging from 140 to 169 ppm) and sp carbon nuclei (around 275 ppm) with a 
large coupling constant 1JPC of about 58 Hz. [5]  
The sole X-ray structure determination of the 1λ3σ2,3 λ3σ2-diphosphaallene 2 reveals 
a P-C-P bond angle of 172(5)°, indicating a slight deviation from linearity of the PCP 
backbone (Figure 1.5). [31] 
 
Figure 1.5. Molecular structure of 2. Selected bond lengths (Å) and angles (°): P1-C1 
1.638, P2-C1 1.630, P1-C1-P2 172.5. 
 
This angle contraction reduces the interactions between the bulky Mes* groups. Their 
mutual orientation (83.0°), which is almost orthogonal with respect to the P-P axis, affords 
an important criterion for describing the P=C=P bonding system as a heteroallene, since 
allenes adopt comparable geometry.  
The reactivity of these diphosphaallenes include various addition reactions, 
characteristic of a cumulative double bond, but also an addition of a C-H bond onto a P=C 
P1 
P2 
C1 
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double bond of the supermesityl group on warming, by a very well-known intramolecular 
cyclization (Scheme 4). [32]  
 
re
du
cti
on
 
Scheme 1.4. Reactivity of 1λ3σ2,3λ3σ2-diphosphaallenes. 
 
When employing less bulky substituents on the phosphorus atoms, head-to-tail or  
head-to-head dimerization occurs by two P=C bonds, as shown in the following example. 
[33] 
 
 
The coordination to a group 6 metal (tungsten) takes place on the phosphorus atom in 
an η1 fashion, as deduced from a chemical shift correlation [34] and the phosphorus-
tungsten coupling constant (1JPW = 273 Hz) in the 31P NMR spectrum (Scheme 1.5). The 
reaction is of particular interest, since it leads to the new class of η1-transition-metal 
complexes of diphosphaallenes. [26, 35] 
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Scheme 1.5. Coordination properties of 1λ3σ2,3λ3σ2-diphosphaallenes. 
 
η2-complexes have been achieved through the coordination of Pd, Pt and Ni to one of 
the P=C double bond [36, 37, 38] and an η3-coordination compound was described in the 
case of Co. [39]  
 
 
P1-C1 1.614 Å, C1-P2 1.642 Å, P1-W2 
2.522 Å, P2-W1 2.517 Å, P1-C1-P2 171.2° 
[34] 
 
P1-C8 1.799 Å, C8-P2 1.684 Å, P1-Mo1 
2.267 Å, P1-C1-P2 125.1°[40] 
P2 
P1 
C1 
W2 W1 
P1 
P2 
C8 
Mo1 
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P1-C1 1.769 Å, C1-P2 1.793 Å, P1-Co1 2.394 Å, P2-Co1 2.382 Å, C1-Co1 2.034 Å  
P1-C1-P2 101.7°[41] 
Figure 1.6. X-ray representation of some diphosphaallene complexes. 
1.2.3. Synthesis and characterization of 1λ5σ4,3λ3σ2-diphosphaallenes 
(c) 
 
This type of diphosphaallenes was first described in 1995 by Schmidpeter et al. [42] 
The derivatives have been reported as unstable species that form dimers or trimers. The 
described molecules are very unstable mainly because the phosphorus and carbon atoms 
are substituted by organic groups that do not exert a strong steric effect.  
 
 
 
The first monomeric compound of this type, stabilized through strong electronic and 
steric effects, was synthesized by the photolysis (or thermolysis) of a 
(phosphino)(chlorophosphino)diazomethane. [43] The mechanism involves the formation 
of a singlet carbene and the consecutive 1,2-halogen shift associated with  
α-halophosphines.  
 
 
P2 P1 C1 
Co1 
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Compound 5 has been obtained as extremely air-sensitive yellow crystals. The 
31P{1H} NMR spectra of this monomeric diphosphaallene display two doublets in the 
regions expected for λ3σ2- and λ5σ4-phosphorus atoms [44] (a chemical shift of 303 ppm 
for the λ3σ2 and 61 ppm for λ5σ4-phosphorus atoms) with a coupling constant of 240 Hz. 
The signal for the allenic carbon atom appears as a doublet of doublet at 170 ppm. [43] 
This derivative has been characterized through X-ray diffraction studies, showing a  
P-C-P angle of 120.9°, in agreement with an sp2 hybridized carbon atom. The C1-P1 bond 
length (1.64 Å) [43] is shorter than an isolated C=P double bond (1.74 Å), but comparable 
to a cumulated P=C=P bond observed in 1λ3σ2, 3λ3σ2−diphosphaallene 2. 
 
Figure 1.7. Molecular structure of 1λ5σ4,3λ3σ2-diphosphaallene 5. Selected bond lengths 
(Å) and angles (°): P1-C1 1.643, P2-C1 1.650, P1-C1-P2 120.88. 
 
Owing to the presence of an ylidic carbon atom, diphosphaallene 5 reacts with an 
alkylating agent such as methyl trifluoromethanesulfonate to give the expected  
C-phosphoniophosphaalkene [43] as only one isomer. 
 
 
 
The same compound reacts as a dipolarophile by a [2+3] cycloaddition reaction with 
a nitrone and trimethysilyl azide, eventually leading to the corresponding phosphonic 
amide with excess of nitrone and a mixture of the iminophosphane 
i-Pr2NP=NSiMe3 and diazomethylenephosphorane with an excess of azide. [43] 
P1 
P2 
C1 
N1 N2 
N3 
Cl
Chapter 1. Bibliographic review on diphosphaallenic and diphosphapropenic systems 
 28  
 
 
 
Similar diphosphaallenes have been prepared by the action of a strong base such as 
LiHMDS (lithium hexamethyldisilazide) on the phosphoniophosphaalkenes. Depending on 
the organic group bonded to the phosphorus atoms, the derivatives were prepared in yields 
ranging from 40 to 80% in mixture with the addition products. [45] 
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1.2.4. Synthesis and characterization of 1λ5σ3,3λ5σ 4 diphosphaallenes 
(d)  
 
 The preparation of 1λ5σ3,3λ5σ4-diphosphaallene 6 was achieved through the action of 
butyllithium on the imino(dichloromethylene)phosphorane MeN=P(Me)=CCl2 and the 
subsequent addition of triphenylphosphine. [46]  
 
 
 
The signal observed in 31P{H} NMR spectrum for the three coordinate phosphorus 
atom is shifted to higher field (δ = 20.4 ppm for 6 Ph, and δ = 36.8 ppm for 6 Me) than in 
the starting imino(dichloromethylene)phosphorane MeN=P(Me)=CCl2. The position of the 
signal of the phophonio group and the value of the 2JPP coupling constant (δ = -12.4 ppm, 
2JPP = 111.8 Hz for 6 Ph and δ = -21.0 ppm, 2JPP = 63.3 Hz for 6 Me) correspond with the 
values reported for carbodiphosphoranes. [47] The signal observed for the dicoordinate 
carbon atom in the 13C NMR at a chemical shift of 90 ppm together with the JPC coupling 
constants (219 and 162 Hz) suggest that the compounds adopt in solution the limit 
structure 6’. [46] 
A similar diphosphaallene involving a C=P=C=P sequence was described by 
Bertrand et al. in 2006. [48] Compound 7 has been obtained through the addition of two 
equivalents of a carbenoid (one for the addition reaction and one for HCl elimination) to a 
phosphoniophosphaalkene. 
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In the 31P{1H} NMR spectrum, derivative 7 displays an AX system at 124 and 24 
ppm (2JPP = 200 Hz) for the λ5σ4-P and λ5σ3-P atoms, respectively. The quaternary carbon 
atoms appear in the 13C NMR spectrum as a doublet of doublets at δ = 93 ppm (JPC = 154 
and 133 Hz, P-C-P) and a doublet at δ = 24 ppm (JPC = 60 Hz, P-C(SiMe)3). These NMR 
signals are strongly shifted to higher field when compared to those found for cumulenes 
[43, 45] or bis(methylene)phosphoranes [33, 49, 50]. 
 
 
 
Figure 1.8. Molecular structure of 7. Selected bond lengths (Å) and angles(°):  
P1-C1 1.672, P1-C2 1.612, P2-C2 1.668, P1-C2-P2 127.5 , C2-P1-C1 132.7. 
 
 
1.2.5. Synthesis and characterization of 1λ5σ4,3λ4σ3-diphosphaallenes 
(e)  
 
The first phosphinophosphonio-carbene 8, which can be also considered as a  
1λ5σ4,3λ4σ3–diphosphaallene, has been synthesized through the protonation of a diazo 
compound at low temperature. It was obtained as an extremely air-sensitive compound. 
[51] 
 
 
P1 P2 
C2 
C1 
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The phosphorus NMR spectrum showed two doublets of doublets of quintets at 3.1 
ppm (σ4-P, JPH = 530 and 17.4 Hz) and at 27.2 ppm (σ3-P, JPH = 7.2 and 19.2 Hz). In the 
13C NMR spectrum, the signal for the cumulenic P=C=P moiety appears as a doublet of 
doublets at 98.95 ppm. [51] 
In the single crystal X-ray diffraction study, no interaction was noticed between the 
diphosphaallene and trifluoromethanesulfonate ion confirming the ionic structure. 
 
Figure 1.9. Crystal structure of 1σ4,3σ3-diphosphaallene 8. Selected bond lengths (Å) and 
angles(°): P1-C2 1.605, P1-C2 1.547, P1-C2-P3 165.1.  
P3 
P1 C2 
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1.3. Synthesis and characterization of 1,3-diphosphapropenes 
 
 
One of the most accessible routes to allenes is the dehalogenation of dihaloalkenes. 
[52] 
 
 
 
Phosphorus analogues of allenes could be obtained by a similar route involving a 
dehalogenation of diphosphapropenes. For this reason 1,3-diphosphapropenes involving a 
λ
3
,σ
2
 and a λ5,σ4 phosphorus atoms and containing halogen or hydrogen atoms bonded to 
the carbon or phosphorus atoms are very interesting for our research field as potential 
precursors of 1,3-diphosphaallenes.  
 
 
 
We present here the synthesis and chemical characterization of some 
diphosphapropenes together and their coordination properties towards transition metals. 
We will describe in this paragraph only the diphosphapropenes of the type λ3σ2, λ3σ3 
and λ3σ2, λ5σ4, analogues of those reported in chapter 4. 
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1.3.1. Synthesis of 1,3-diphosphapropenes 
  
1,3-diphosphapropenes 9 have been prepared through a coupling reaction between a 
substituted phosphaethenyllithium and diphenylchlorophosphine: [53] 
 
 
 
These derivatives have been characterized through NMR spectroscopy. The signal for 
the P=C phosphorus atom appears at low field, between 300-380 ppm, while the P-C 
phosphorus atoms were observed from -2 to 50 ppm. 
The diphosphapropene reacts with an oxidizing agent like sulfur or dimethylsulfoxide 
only on the σ3 phosphorus atom to afford the P=C-P(E) backbone (with E being S or O). 
[54] 
Both oxidizing reactions occur at reflux in toluene, and the conversions approach 
total transformation in several hours. The oxidized diphosphapropenes correspond, as 
expected, to the E isomers, but they can easily convert to the Z structures by light 
irradiation. 
 
The oxo and thio-diphosphapropenes 10 and 11 exhibit expected chemical shifts in 
the phosphorus NMR spectra – two doublets at 322.4 ppm for λ3σ2-P and 49.1 ppm for 
λ
5
σ
4
-P, 2JPP = 104 Hz in 11 (R = Cl). A slight change in chemical shift due to the presence 
of a sulfur or an oxygen atom was observed when compared to the starting 
diphosphapropenes 9. [54] 
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The structure of Mes*P=C(Cl)-P(S)Ph2 was confirmed by X-ray crystallography. 
[55] The P=C(Cl)–P=S skeleton displays an almost planar s-cis conformation, which is 
similar to the case of diphenylvinylphosphine sulfide. [56] The lengths of the P1–C1 and 
the P2–S bonds are close to the average values for the P=C and P=S distances (P1-C1 
1.675 Å and P2-S1 1.946 Å). 
 
Figure 1.10. Mercury representation of Mes*P=C(Cl)-P(S)Ph2. Selected bond lengths (Å) 
and angles(°): P1-C1 1.675, P2-C1 1.821, P2-S1 1.946, P1-C2-P2 119.0.  
 
The diphosphapropene sulfide can also be obtained directly through the reaction of 
phosphaethenyllithium with Ph2P(S)Cl but in a very poor yield (around 10%). [55] 
 
 
 
1.3.2. Coordination properties of 1,3-diphosphapropenes 
 
 
To estimate the coordination properties of 1,3-diphosphapropenes, reactions with 
carbonyltungsten(0), palladium(II) and platinum(II) reagents were performed.  
 
P1 
P2 C1 
S1 
Cl1 
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The reaction of chlorodiphosphapropene 12 with an equimolar amount of 
W(CO)5(THF) afforded the pentacarbonyltungsten(0) complex 13. The coordination on 
tungsten occurred at the Ph2P phosphorus atom as suggested by the high value of the P-W 
coupling constant in the 31P NMR spectrum of the complex. The structure of 13 was 
determined by X-ray crystallography. [55] 
 
Figure 1.11. Molecular structure of 13. Selected bond lengths (Å) and angles(°):  
P1-C1 1.675, C1-Cl1 1.740, P2-W1 2.541, P1-C1-P2 119.2. 
 
The complex 13 did not react with an excess amount of W(CO)5(THF) to afford the  
bis-tungsten complex, probably due to steric congestion around the P=C phosphorus atom 
previously reported in the case of a cyclic diphosphaalkene. [57] The chelate complex 14 
has been obtained directly through the reaction with W(CO)4(COD) or through the UV 
irradiation of the mono-tungsten derivative.  
Rather similar reactions are observed with the diphosphapropene Mes*P=CMe-PPh2 
which reacted with W(CO)5(THF) to afford the mono-tungsten complex 15 in a mixture 
P1 
W1 
C1 P2 
Cl1 
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with the chelate complex 16. Furthermore, the UV irradiation of the η1-tungsten complex 
gives the chelate by releasing one CO ligand. 
 
 
 
The reaction with palladium (II) and platinum (II) complexes afforded the chelate 
compounds 17. These results suggest that the coordination properties strongly depend on 
the substituents considering that the similar diphosphapropene 12 bearing a chlorine atom 
on the P=C-P carbon atom does not react with Pd or Pt complexes. 
 
 
Figure 1.12. Molecular structure of [Mes*P=CMe-PPh2]W(CO)4 complex 16.  
Selected bond lengths (Å) and angles(°): P1-C1 1.663, C1-P2 1 1.830, P1-W1 2.507,  
P2-W1 2.533, P1-C1-P2 98.3. 
P2 
W1 
P1 
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1.4. Theoretical studies of 1,3-diphosphaallene unit 
 
 
Ab initio calculations have been reported on the parent 1,3-diphosphaallene 
HP=C=PH and on several XP=C=PX (X = H, F, Cl) models. The geometries, the 
substituents effect on the stability of these diphosphaallene isomers, the configurational 
stability, the electronic structure and several more molecular properties were studied. 
 
 
 
1.4.1. Geometries 
 
The fully optimized geometries (HF/4-31G and HF/DZP) have been calculated for 
four configurations of HP=C=PH [58] and the relative energies are presented in Figure 
1.13. The most stable arrangement of the diphosphaallene exhibits a non-linear P=C=P 
frame (with an angle of 174°) which is in good agreement with the determined angle of 
172.6° in the Mes*P=C=PMes* measured through X-ray diffraction studies. [31]  
 
 
 
Figure 1.13. Relative energies (in kcal/mol) of HP=C=PH model configurations. 
 
 
Furthermore, the C=P bond lengths are calculated to be compressed (0.03Å) 
compared with that of phosphaethene H2C=PH. [58, 59, 60, 61] The calculated value for 
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the C=P bond of 1.644 Å lies in the range of  the experimental data (1.630 - 1.635 Å) 
determined by X-ray diffraction. [31] The determined HPC bond angle of 97.5° is 
comparable to 90.6° in HP=C=O [62] and 98.5° in H2C=PH. 
It appears that both configurations 18 and 19 might exist. However, when the H 
atoms are replaced by bulky organic groups (it is worth mentioning that the isolated 
diphosphaallenes were only stabilized through use of bulky substituents), the balance of 
the stability might be tipped in favour of a non-linear structure.  
It was previously suggested that the non-linear structure is due to the packing effects 
in the crystal or steric effects between bulky substituents in the real molecule. [31] The 
calculations performed on the diphosphaallene HP=C=PH and carbodiimides HN=C=NH 
models suggest that the non-linearity of the P=C=P framework is due to an electronic 
character within the heteroallene backbone rather than steric effects. [63] 
 
 
1.4.2. Relative stabilities of CH2P2 isomers 
 
A theoretical ab initio study has been performed on seven isomers of the 
diphosphaallene CH2P2 model (Figure 1.14) in order to determine their relative 
stabilities.[64]  
 
 
Figure 1.14. CH2P2 isomers. 
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The two carbenic systems 26H and 28H have been described as transition states. For 
the other isomers the energy ordering places the diphosphirene 23H as the most stable 
structure whereas the diphosphaalkenyne 22H is calculated to be the less stable of the 
series. [64] The relative energy ordering is presented as: 
 
23H (0.0) < 25H (10.2) < 27H (14.5) < 24H (23.4) < 22H (41.2) (values in 
kcal/mol) 
 
 
1.4.3. Electronic structure and charge distribution 
 
 
The HOMO and LUMO energies were calculated at the HF level using the DZP 
(Double Zeta + p) basis set. In diphosphaallene the HOMO is a pi-orbital with an important 
localization on the C atom (Figure 1.15) while in carbodiimide –N=C=N– the HOMO 
orbital corresponds to a nitrogen lone pair orbital. [62] The LUMO orbitals, on the other 
hand have a σ* character in all investigated heteroallenes (HP=C=PH, HP=C=NH, 
HN=C=NH). 
 
The net charges calculated from the Mulliken population analysis indicate that the 
charges on the phosphorus atoms are positive or nearly zero while the charge on the carbon 
atom is negative. 
 
P C P H
H
0.023
-0.142
0.023
0.048
0.048
 
 
Figure 1.15. Mulliken charges in HP=C=PH.
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1.4.4. Vibrational frequencies 
 
The calculations performed on the HP=C=PH model predict that the whole P=C=P 
group participates in the asymmetric and symmetric stretching modes (Figure 1.16), as 
expected from symmetry reasons.  
 
 
 
Figure 1.16. Normal coordinates of vibrational modes involving the P=C=P frame. 
 
By contrast, in the case of phosphaallene HP=C=CH2 [65] and phosphaketene 
HP=C=O, [62] there are no vibrational modes involving the entire P=C=X skeleton. 
 
 
1.4.5. Relative stability of XX’CP2 isomers (X, X’ = H, Cl, F) 
 
In order to establish the effect of halogens on the energies of several mono- or 
disubstituted PCP isomers a theoretical study (HF/3-21G* and 6-31G**) has been 
performed.[64] Great differences were observed in the stabilities of structures  
22X (Figure 1.17) depending on the nature of the substituents.  
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Figure 1.17. XX’CP2 model isomers. 
 
While in the non-substituted H2CP2 structure the ordering is  
23H < 25H < 27H < 24H < 22H, great differences have been observed in the stability of 
22X-27X depending on the nature of X and X’. The relative energies are presented in 
Figure 1.18.  
HFCP2 and HClCP2 series. The energy (kcal/mol) ordering for both 
monohalosubstituted species is similar, however the differences are more important in the 
case of fluorosubstituted compounds:  
HFCP2 : 27FHb (H on C) (0.0) < 25FH (6.9) < 23FH (16.5) < 24FH (24.3) < 27FHa 
(33.5) < 22FH (72.5) 
HClCP2 : 27ClHb (H on C)  (0.0) < 25ClH (6.0) ≈ 23ClH (6.4) < 24ClH (15.7) < 
27ClHa (20.6) < 22 ClH (59.1) 
(27XHa: H on P; 27XHb: H on C) 
The P-halogenated 1H-diphosphirane 27b becomes the global minimum in both 
monosubstituted series. The di(halophosphanyl)phosphaalkyne 25 was also stabilized 
becoming the second most stable isomer lying below 23, particularly in the fluorinated 
series. The large energy difference between 27XHa and 27XHb arises from the difference 
between the bond energies of the P-X and C-X bonds (for ex. PF 132 kcal/mol versus CF 
116 kcal/mol). [66] This is also the reason of destabilization of 23XH relative to 25XH and 
27XHb.  
Relative to 23 the diphosphaallene 24 is stabilized (the difference is less important 
than in H2 series) but the effect due to halogenation is not large enough to overcome the 
inherent instability of an allenic structure.  
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Figure 1.18. Energy correlation diagram for some of the XX’CP2 isomers (energies are 
calculated at the QCISD(T)/6-31G**//MP2/6-31G**+ZPE level). 
 
Chapter 1. Bibliographic review on diphosphaallenic and diphosphapropenic systems 
 43  
F2CP2, Cl2CP2 and FClCP2 series. In the dihalosubstituted series the energy ordering 
changes once again, placing 25 as the most stable isomer: 
F2CP2 : 25F2 (0.0) < 24F2 (19.7) < 27F2 (29.1) < 23F2 (37.3) < 22F2 (89.7)  
Cl2CP2 : 25Cl2 (0.0) < 27Cl2 (8.2) < 24Cl2 (8.8) < 23Cl2 (17.7) < 22Cl2 (71.8) 
FClCP2 : 25FCl (0.0) < 27FClb (10.9) < 24FCl (13.4) < 27FCla (24.4) < 23FCl 
(28.4) < 22FCl (85.9)  
(values in kcal/mol relative to the most stable structure) 
 
The global minimum of 25X2 in all three disubstituted series can be understood by 
an amplifying effect of two P-X bonds: the most stable isomer is 25 (Figure 18) which 
contains the maximum number of P-X bonds. It was noticed that if there was a competition 
between F and Cl, the isomer with more P-F bonds would be dominating. In contrast, the 
reverse is true for the unsubstituted species; the isomer with the most C-H bonds is the 
most stable. This explains the order of stability between both diphosphirene forms where 
the halogenated 1H form 27HX is much more stable than the 1H form of 25HX. [64]  
The greater stability of 25X2 relative to 24X2 is due to the electronic nature of the P-
C-P backbone. A single C-P bond plus a triple C-P bond is favored over two double 
cumulenic P-C bonds. 
 
  
1.4.6. Proton affinity  
 
In order to determine the relative stabilities and the site of protonation, four 
protonated species of CH2P2 have been investigated at a MP4SDQ/6-31G** level of theory 
(Figure 1.19).  
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Figure 1.19. Optimized geometries of protonated HP=C=PH species. 
 
The protonation occurs preferentially on the carbon atom, similar to the situation 
presented before for phosphaallenes. [65Error! Bookmark not defined.] However, the 
energy level difference between the P- (28a) and C-protonated diphosphaallene (28c) is of 
only 15 kcal/mol, too small to exclude unambiguously P-protonation (Figure 1.19).  
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RESUME 
 
 
 
La chimie computationnelle s'est avérée un outil important pour déterminer les 
différentes propriétés des molécules, ainsi que pour mieux planifier leurs stratégies de 
synthèse.  
Ce chapitre présente des calculs théoriques pour déterminer les stabilités relatives 
des dérivés de formule brute CXX’P2O (X, X’ = H, F, Cl, Ph, Mes, Mes*). 
 
Dans une première série  de calculs, 66 isomères de formule brute CH2P2O ont été 
analysés par des méthodes DFT au niveau B3LYP/6-31G* pour déterminer leur stabilité et 
notamment celle de la structure HP=C=P(O)H par rapport à ses isomères. Les longueurs 
des différentes liaisons sont données. Nous avons pris en compte des structures cycliques 
et acycliques dont les squelettes sont présentés ci-dessous :  
O
P C
C
P P
O
P P
C
P P
O
PCP-Cycle PCO-Cycle PPO-Cycle 4-Cycle
C
P O
P
P
C
P P
P
C P
P
O
PCP PPC PPO
 
 
Le dérivé le plus stable est un cycle à 4 chaînons contenant l’enchaînement P-P-C-
O avec une double liaison entre les 2 atomes de phosphore. Par contre le modèle 
phosphavinylidène(oxo)phosphorane HP=C=P(O)H est plus haut en énergie de 39 
kcal/mol. 
 
 
P 
O 
P 
C 
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En raison de la faible stabilité du système diphosphaallénique HP=C=P(O)H, nous 
avons fait une deuxième série de calculs pour déterminer l’effet de différents groupements 
sur la stabilité du motif P-C-P. Nous avons seulement prix en compte les isomères non-
cycliques ayant le motif P-C-P qui contiennent 2 atomes de phosphore à coordinence 
différente, un λ3 et un λ5. 
Les substituants considérés incluent des halogènes (F, Cl) et des groupes 
aromatiques (Ph = phényle, Mes = 2,4,6-triméthylphényle, Mes* = 2,4,6,-tri-tert-
butylphényle). 
 
 
Nous avons étudié la série monosubstituée, où seulement un des atomes 
d’hydrogène a été remplacé par un groupement plus lourd, ainsi que la série disubstituée.  
Le dérivé le plus stable est dans presque toutes les cas la structure II ; nous avons 
cependant observé un fort effet de stabilisation du squelette P=C=P(O) avec des 
groupements volumineux. Dans la série monosubstituée une faible  stabilisation de ce 
motif est observée pour IMes*, avec une énergie relative par rapport à II de 10 kcal/mol. 
Dans la série disubstituée l’effet stérique des deux groupements Mes* est suffisant 
pour rendre la structure I_2Mes* la plus stable de la  série. 
Un effet déstabilisant des groupements halogénés a été observé dans toutes les 
structures étudiées.  
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2.1. Introduction 
 
 
Computational chemistry has proven to be a useful tool for synthetic chemistry not 
only by determining the properties of various compounds but also by providing helpful 
means to plan the synthetic route for their preparation. 
 
This chapter presents some theoretical results obtained for the diphosphaallene 
model HP=C=P(O)H (also called phosphavinylidene(oxo)phosphorane) and its isomers of 
formula CH2P2O. 
We investigated all these isomers at B3LYP/6-31G* level of theory in order to 
determine the relative stability of the P=C=P(O) type structure within  
Spartan ‘06 software [1] and Gaussian 03 package [2].  
Three types of structures having different phosphorus atoms, a trivalent and a 
pentavalent one (two types of λ3σ2/λ5σ3 models and a λ3σ1/λ5σ4 one) have been 
considered, all bearing the P-C-P=O sequence. Furthermore, a third series of calculations 
was performed to determine the substituents influence on the P-C-P moiety of the 
phosphavinylidene(oxo)phosphorane model because we were interested in the 
determination of the most suitable organic groups that would stabilize this skeleton. 
Calculations have been performed with one or two F, Cl, Me, SiH3, Ph, Mes and Mes* 
groups on phosphorus atoms. 
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2.2. Theoretical investigations of CH2P2O model 
 
Compounds of CH2P2O formula have been investigated in order to determine the 
most stable isomer amongst all the possible structures. Depending on the PCPO skeleton, 
we grouped the results in 7 different series. Four cyclic series have been investigated: one 
involving four-membered rings containing the phosphorus, carbon and oxygen atoms 
(CPPO and CPOP cycles called 4-Cycle) and three series containing three-membered rings 
(PPC-Cycle, CPC-Cycle and PPO-Cycle). Three non-cyclic series have also been 
considered, involving a PCP, PPC and PPO skeleton (Scheme 2.1). 
 
O
P C
C
P P
O
P P
C
P P
O
PCPcy PCOcy PPOcy 4-Cycle
C
P O
P
P
C
P P
P
C P
P
O
PCP PPC PPO
 
Scheme 2.1 
  
The isomers studied include doubly- or triply-bonded derivatives as well as 
carbenes and phosphinidenes. A frequency analysis was performed for the optimized 
structures in order to determine the nature of the stationary point. All the considered 
structures represent global minima, having no imaginary frequencies. 
Scheme 2.2 presents all the investigated structures grouped according to the 7 
families described above. The optimized structures of the isomers are presented in Table 
2.1  together with relevant geometrical data. 
A scarce number of scientific reports that describe these types of structures have 
been published. However, if both phosphorus atoms are pentavalent, a dramatic increase in 
published papers was noticed.  
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Table 2.1. CH2P2O isomers. (T.E = total energy (a.u.), R.E = Relative energy (kcal/mol) 
compared to the most stable of the series); Calculated bond lengths are given in Å 
4 
Cycle 1 2 3 4 5 
 
 
 
 
 
 
 
P
H
C
O
PH
 
 
 
 
 
 
 
H2
C
P
O
P
 
 
H2
C
P
O
P
 
 4H-1,2,3-
oxadiphosphete 
2H-1,2,4-
oxadiphosphete 
2H-1,2,3-
oxadiphosphete 
oxadiphosphetan
e-2,4-diyl, triplet 
oxadiphosphetan
e-2,4-diyl, singlet 
R.E 0.000 4.516 8.752 16.529 17.153 
T.E. -797.201499 -797.194302 -797.175158 -797.175158 -797.174165 
P1-C 1.905 1.684 1.717 1.883 1.870 
P1-P2   2.266   
P1-O 2.073 1.701  1.711 1.680 
C-O 1.442  1.349   
P2-C 1.667 1.818  1.883 1.870 
P2-O  1.718 1.757 1.711 1.680 
 
 
4 
Cycle 6 7 8 9 
 
 
 
 
 
 
 
 
 
 
 1,2,4-
oxadiphosphetan
-3-ylidene, trans, 
singlet 
1,2,4-
oxadiphosphetan
-3-ylidene, cis, 
singlet 
1,2,4-
oxadiphosphetan
-3-ylidene, trans, 
triplet  
1,2,4-
oxadiphosphetan
-3-ylidene, cis, 
triplet 
R.E 68.957 74.225 81.179 81.737 
T.E. -797.091609 -797.083214 -797.072133 -797.071243 
P1-C 1.757 1.802 1.808 1.811 
P1-O 1.720 1.724 1.724 1.722 
P2-C 1.758 1.802 1.808 1.818 
P2-O 1.722 1.724 1.724 1.722 
P1 P2 
P1 P2 
P1 P2 
P1 P2 P1 P2 
P1 
P2 P1 
P2 
P1 P2 P1 P2 
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PPC 
cy 1 2 3 4 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
diphosphiren-1-ol 
conf. out 
diphosphiren-1-ol 
conf. in 
diphosphiran-3-
one trans diphosphiren-3-ol 
diphosphiran-3-
one cis 
R.E 5.254 5.504 11.685 12.708 13.117 
T.E -797.193126 -797.192728 -797.182879 -797.181248 -797.180596 
P1-C 1.667 1.672 1.880 1.872 1.879 
P2-C 1.790 1.800 1.880 1.872 1.879 
P1-P2 2.255 2.260 2.320 2.047 2.324 
P2-O 1.689 1.675    
C-O   1.192 1.399 1.193 
 
PPC 
cy 6 7 8 9 10 
 
 
 
 
 
 
 
P
C
PH
OH
 
 
 
 
 
 
 
 
 
 2H-
diphosphirene-1-
oxide 
 
1H-
diphosphirene-1-
oxide  
 
2H-diphosphiren-
3-ol 
 
hydroxy-
diphosphiren-3-
ylidene, singlet 
hydroxy-
diphosphiran-3-
ylidene cis, triplet 
R.E 16.561 17.640 19.197 59.050 72.282 
T.E. -797.175108 -797.173389 -797.170907 -797.107397 -797.086311 
P1-C 1.771 1.697 1.667 1.814 1.778 
P2-C 2.063 1.755 1.834 1.740 1.748 
P1-P2 1.986 2.181 2.311 2.075 2.434 
P1-O 1.492 1.496  1.642 1.661 
C-O   1.332   
 
P1 P2 
P1 
P2 
P2 
P1 P1 P2 
P1 P2 
P1 P2 
P1 
P2 
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PPC 
cy 11 12 13 14 
 
 
 
 
 
 
 
 
 
 
 diphosphiran-3-
ylidene-oxide, 
trans, singlet 
diphosphiran-3-
ylidene-oxide, 
cis, singlet 
hydroxy-
diphosphiren-3-
ylidene, triplet 
Hydroxyl-
diphosphiran-3-
ylidene, trans, 
triplet 
R.E 83.811 84.483 89.161 106.521 
T.E. -797.067939 -797.066868 -797.059412 -797.031748 
P1-C 1.730 1.732 1.817 2.004 
P2-C 1.809 1.809 1.660 2.061 
P1-P2 2.337 2.326 2.189 2.238 
P1-O 1.491 1.409 1.638 1.667 
 
 
PCO 
cy 1 2 3 4 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Phosphinylidene-
oxaphosphirane 
isomer Z 
Phosphinylideneo
xaphosphirane 
isomer E 
phosphinidyne-
oxaphosphirane 
phosphinyl-
oxaphosphirene 
phosphinyl-
oxaphosphiran-3-
ylidene, conf out, 
singlet 
R.E. 28.594 28.688 40.862 43.307 46.548 
T.E. -797.155932 -797.155783 -797.136382 -797.132485 -797.127321 
P1-C 1.812 1.804 1.783 1.701  
C-O 1.336 1.336 1.513 1.295 1.226 
P1-O 1.787 1.792 1.650 2.045 1.937 
P1-P2   1.922  2.227 
P2-C 1.690 1.687  1.831 2.010 
 
 
P1 P2 P1 
P2 
P1 P2 
P1 P2 
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PCO 
cy 6 7 
8 
 
 
 
 
 
 
 
 
 
phosphinyl-
oxaphosphiran-3-
ylidene, conf in, 
singlet 
oxaphosphiran-3-
yl-phosphinyli-
dene singlet 
phosphinylidene-
oxaphosphirene  
R.E 46.822 61.889 99.423 
T.E. -797.126883 -797.102873 -797.043059 
P-C 2.032 1.906 1.593 
C-O 1.219 1.435 1.800 
P-O 1.981 1.709 1.610 
P-P 2.206  2.053 
P-C  1.750  
 
PPO 
cy 1 2 3 
 
 
 
 
 
 
 
 
 methylidene-oxa-
diphosphirene  
oxadiphosphiran-
2-yl-methylidene 
cis, triplet 
oxadiphosphiran-
2-yl-methylidene, 
trans, triplet 
R.E 52.967 69.043 69.750 
T.E. -797.117091 -797.091472 -797.090346 
P1-P2 2.046 2.321 2.273 
P1-O 1.581 1.710 1.710 
P2-O 2.050 1.717 1.725 
P1-C 1.673 1.696 1.713 
 
P1 P2 P2 P1 
P2 
P1 
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PCP 1 2 3 4 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[oxo(Z)phosphini-
denemethyl]phos
-phine conf. out 
(H away from O) 
[oxo(Z)phosphini-
denemethyl]phos
-phine conf. in (H 
close to O) 
[oxo(E)phosphini-
denemethyl]phos
-phine conf. in (H 
close to O) 
[oxo(E)phosphini-
denemethyl]phos
phine conf. out 
(H away from O) 
hydroxy-
phosphinylidyne
methyl)-
phosphine  
R.E 8.054 9.329 10.002  11.627 13.173 
T.E. -797.188665 -797.186632 -797.18556 -797.18297 -797.180507 
P-C 1.685 1.687 1.688 1.689 1.558 
P-C 1.834 1.846 1.835 1.834 1.781 
P-O 1.502 1.502 1.503 1.503 1.677 
 
PCP 6 7 8 9 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(phosphinylidyne
methyl)phosphin
e oxide 
1-
hydroxyphosphos
phavinyl-
phosphinylidene 
triplet 
 
[(oxophosphinyl)
methyl]phosphi-
nylidene, singlet 
 
2-hydroxy-
phosphivinyl-
phosphinidene, 
triplet 
Phosphavinyliden
e(oxo)phospho-
rane 
R.E 17.151 22.073 25.578 39.116 39.561 
T.E. -797.174167 -797.166324 -797.160739 -797.139164 -797.138456 
P1-C 1.551 1.734 1.855 1.766 1.639 
P2-C 1.783 1.725 1.898 1.762 1.621 
P2-O 1.492 1.637 1.499  1.493 
C-O    1.358  
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PCP 11 12 13 14 15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (phosphinylmethy
lidyne)phosphine 
oxide, singlet 
 
hydroxy(phosphi-
nidene)methyl-
phosphinylidene 
hydroxy(phosphi-
nylidynemethyl)-
phosphine,  
triplet 
(phosphinidene 
oxide) (phosphi-
nyl)methylidene, 
triplet 
 
(phosphinylidyn
emethylidene)-
phosphine 
oxide, triplet 
 
R.E 52.312 58.616 62.396 63.440 93.570 
T.E. -797.118134 -797.108088 -797.102065 -797.100401 -797.052386 
P1-C 1.674 1.756 1.646 1.765 1.708 
P2-C 1.652 1.744 1.635 1.771 1.785 
P1-O 1.502  1.682 1.523 1.495 
C-O  1.331    
 
 
PPC 1 2 3 4 5 
 
 
 
 
P P
O
CH2
 
 
 
 
 
 
 
 
 
 
 
 
Diphosphene-
formaldehyde 
trans 
 
1-methylene-2-
oxodiphosphine 
conf out 
Diphosphene-
formaldehyde cis 
conf out 
 
1-methylene-2-
oxodiphosphine 
conf in 
Diphosphene-
formaldehyde cis 
conf in 
 
R.E 6.381 7.115 7.989 8.047 8.565 
T.E. -797.191331 -797.190161 -797.188769 -797.188676 -797.18785 
P-C 1.896 1.687 1.907 1.682 1.928 
P-P 2.050 2.278 2.05 2.325 2.047 
C-O 1.208  1.204  1.206 
P-O  1.500  1.504  
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PPC 6 7 8 9 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Formyl-
diphosphyne conf 
in 
 
Formyl-
diphosphyne, 
conf out 
 
diphosphyn-1-
ylidene methanol 
 
(2-oxodiphosphi-
nyl)methylidene, 
singlet 
(2-oxodiphosphi-
nyl)methylidene,  
triplet 
R.E 27.225 30.255 53.160 62.887 71.248 
T.E. -797.158113 -797.153286 -797.116784 -797.101283 -797.087958 
P-C 1.874 1.884 1.785 1.674 1.723 
P-P 1.969 1.968 1.962 2.287 2.307 
C-O 1.205 1.2 1.343   
P-O    1.496 1.5 
 
PPC 11 12 
 
 
 
 
 
 
(1-
hydroxydiphos-
phinylidene)me-
thylidene, triplet 
1-hydroxydiphos-
phinylidene)me-
thylidene, singlet 
R.E. 73.272 84.212 
T.E. -797.084734 -797.067299 
P-C 1.643 1.664 
P-P 2.043 1.984 
C-O   
P-O 1.635 1.633 
 
Chapter 2. Theoretical investigations of diphosphaallene isomers 
 
 62 
 
 
PPO 1 2 3 4 5 
 
 
 
 
 
 
 
 
 
 
 
 
 (diphosphenyl-
oxy)methylidene, 
singlet trans 
(diphosphenyl-
oxy)methylidene, 
singlet cis 
(diphosphenyl-
oxy)methylidene, 
triplet trans  
(diphosphenyl-
oxy)methylidene, 
triplet, cis  
(diphosphyn-1-
yloxy) 
methylidene, 
singlet 
 
R.E 61.071 63.460 78.275 80.836 85.982 
T.E. -797.104176 -797.100369 -797.076761 -797.072679 -797.064478 
P-O 1.743 1.756 1.713 1.712 1.763 
C-O 1.323 1.321 1.3 1.305 1.315 
P-P 2.039 2.045 2.067 2.072 1.926 
P-C      
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Scheme 2.2. Relative energies (kcal/mol) of CH2P2O isomers. 
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The most stable isomer is the 4H-1,2,3-oxadiphosphete 4-Cycle_1. However, only 
the synthesis of derivatives containing a saturated PPCO cyclic structure is described in the 
literature [3,4]. Furthermore, the stabilization of the heterocycle is achieved by using bulky 
substituents on one of the phosphorus atom and a metal bonded to the other phosphorus 
atom.  
P P
CO
CF3
CF3
Mes* Fe
CO
OC
 
Scheme 2.3 
 
In the three-membered rings, the most stable isomer is 1H-diphosphiren-1-ol PPC-
Cycle_1 with a relative energy of 5.3 kcal/mol compared to 4-Cycle_1. The experimental 
known system with this kind of skeleton contains diisopropylamine group on the carbon 
atom and moreover one of the phosphorus atom is complexed by W(CO)5. [5]. 
C
P P
N
i-Pr i-Pr
OH
W(CO)5
 
Scheme 2.4 
 
A saturated derivative of PPC-Cycle_1 has been previously described by Mathey 
et al. [6]. 
C
P P
EtO
Ph
W(CO)5
Ph
Ph
 
Scheme 2.5 
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In the case of open-chain structures, the most stable isomer is the 
diphosphenecarbaldehyde PPC 1, only 6.38 kcal/mol higher in energy than the global 
minimum 4-Cycle 1. However, no literature data was found on derivatives containing this 
cyclic moiety. This isomer is very close in energy (0.88 kcal/mol) to the 2H-phosphiren-3-
ol PPC 2.  
For the similar CH2P2 isomers investigated through theoretical calculations, [7] the 
most stable non-cyclic structures are the ones containing the maximum number of C-H 
bonds; the maximum number of P-H bonds have the tendency to destabilize the molecules. 
The hybridization of the carbon atom also influences the models stability: an sp3 hybrized 
atom stabilizes the molecule while an sp2 carbon atom destabilizes it. However, this pattern 
does not apply in the studied isomers probably due to the additional effects of the oxygen 
atom.  
 
For the diphosphaallene structure PCP 10, the calculated P-C-P angle (170.1°) and 
the cumulated P=C bond lengths (1.639 Å for the trivalent phosphorus atom and 1.621 Å 
for the pentavalent one) are similar with those determined for Mes*P=C=PMes* measured 
through X-Ray diffraction (172.5°, 1.630 and 1.634 Å) [8.]. 
 
Table 2.2. Several geometry details determined through X-Ray diffraction studies on 
linear P-C-P systems. 
Compound Ref. Compound Ref. 
 
8 
 
9 
 
10 
 
11 
P C P
1.626 1.626
139.52
(F3C)2HC-S S-CH(CF3)2
Et2N NEt2
NEt2 NEt2
 
12 
 
13 
 
These data show that the P-C-P angle is dependent on the hybridization of the 
phosphorus atoms and on the nature of the substituents. There has been reported a very 
strained angle of 115 degrees [11] for a derivative containing a trivalent dicoordinated and 
a pentavalent tetracoordinated phosphorus atom in the PCP backbone. 
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The Mulliken charges calculated for PCP 10 show a negative charged carbon atom 
and an λ5σ3 phosphorus atom more positively charged when compared to the λ3σ2 one. 
 
 
Figure 2.1. Mulliken charges calculated for isomer PCP 10. 
 
From Table 2.1, we can see that some structures are very unlikely, for example  
3-membered cyclic compounds with a PCO or a PPO core since the most stable ones lie 
28.59 and 52.97 kcal/mole higher than the four–membered ring 4-cycle 1 compound. 
For the carbene structures considered, singlet structures were calculated to be more 
stable, as expected, than the triplet ones. For instance 4-cycle 6, a singlet carbene, is 5 
kcal/mol more stable than 4-cycle 7, the triplet analogue. However, for the phosphinidene 
structures a different pattern was observed, generally placing the triplet higher in stability. 
For PPC 11 and PPC 12 the calculated difference is of 10.94 kcal/mol. 
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2.3. Stability of three CXX’P2O models 
 
Because our P=C=P(O) target model is not amongst the most stable of the CH2P2O 
isomers, a different set of calculations has been performed to determine the most suited 
substituents for its stabilization. 
Only the isomers having the P-C-P skeleton and different phosphorus atoms (a λ3σ2 
or λ3σ1  and a λ5σ3 or  λ5σ4 ) have been now considered, reducing thus the computational 
efforts and concentrating on this type of systems. We have only investigated the linear 
isomers that were found to be lower in energy than the 
phosphavinylidene(oxo)phosphorane (lower than 39 kcal/mol as in Scheme 2.2). 
Electronegative (F, Cl) as well as steadily increasing bulky substituents  
(Ph - Phenyl, Mes - 2,4,6-trimethylphenyl, and Mes* - 2,4,6-tri-tert-butylphenyl) have 
been tested at this stage. Furthermore we have considered both monosubstituted and 
disubstituted systems. For the monosubstituted series, in the case of I, where the 
substitution of one hydrogen atom can give 2 isomers, the a isomers are the ones 
substituted at the λ5σ3  (or  λ5σ4) phosphorus atom (Xa = F, Cl, Ph, Mes, Mes*; Xb = H), 
while the b isomers are substituted at the λ3σ2 (or  λ3σ1)  phosphorus atom (Xa = H; Xb = F, 
Cl, Ph, Mes, Mes*) – (Scheme 2.6). 
 
 
Scheme 2.6. The three types of CXX’P2O isomers treated with variable substituents. 
 
Calculations have been carried out using Gaussian 03 package at the B3LYP/6-
31G* level of theory [2]. Figure 2.2 presents the relative energies of monosubstituted 
isomers, compared to the minimum of each series.  
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Figure 2.2. The relative energies of the monosubstituted CHXP2O systems. 
 
 In the case of the monosubstituted series (Figure 2.2), the most stable isomer is in 
all cases structure II with a PC triple bond. Similar results have been reported for the 
isomers of the CH3GeP formula [14]:  the isomer containing a Ge≡P triple bond represents 
the global minimum and is more stable than the phosphagermaallene HP=C=GeH2.  
When a substituent with a strong electronic effect like F and Cl is bonded to the P-
C-P skeleton, a destabilizing effect is noticed. The system III is the most influenced by this 
effect showing a difference of 20 kcal/mol in relative energy for the fluorine substituted 
one.  
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However, when changing the hydrogen atoms by bulkier organic groups (especially 
Mes*), an increase in relative stability of the heteroallene structure I is noticed. This is 
largely due to the steric effect of the supermesityl group, previously observed for other 
derivatives containing a P=C unit. [15] Furthermore, it can be noticed that for P=C=P(O) 
structure I, the position of Mes* group is important, having a stronger stabilization effect 
when bonded to a λ3σ2 phosphorus atom. 
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Figure 2.3. Relative energies (kcal/mol) of CX2P2O disubstituted systems. 
 
In the disubstituted series (Figure 2.3), isomer II is found to be once again the most 
stable structure.  
A pattern emerges for the aryl substituted structures, with a small stabilizing effect 
observed in the case of phenyl group that increases considerably for Mes and particularly 
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Mes* placing the phosphavinylidene(oxo)phosphorane I_2Mes* as the series minimum. 
This can be explained by a synergetic steric effect of the two Mes* groups.  
Regarding structure III and II, it appears that two Mes* substituents on the same 
phosphorus atom destabilize the molecule, mainly due to a strong steric hindrance of the 
organic groups. 
The presence of halogen atoms on the P-C-P skeleton also destabilizes the structure. 
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2.4. Influence of substituents on the geometry of 
phosphavinylidene(oxo)phosphorane 
 
Calculations have also been performed on the mono and di-substituted species 
derived from the HP=C=P(O)H model. We have investigated three series of compounds: 
XP=C=P(O)H, HP=C=P(O)X and XP=C=P(O)X with X being electron withdrawing or 
releasing groups (F, Cl, Me, SiH3) or various substituted aromatic groups with different 
steric hindrance (Ph, Mes, Mes*). P1 represents the trivalent P atom and P2 is the 
pentavalent one. Only the P-C bond lengths and the P-C-P angle are presented (Table 2.3): 
 
Table 2.3. Optimized geometries of the mono and di substituted diphosphaallene λ3σ2/ λ5σ3 
Optimized 
geometry 
 
 
 
1 
 
 
P1-C (Å) 
P2-C(Å) 
P1-C-P2 (°)  
 
1.622 
1.639 
169.96 
 
Optimized 
geometry 
 
1Cl  2Cl 
 
1,2Cl 
P1-C (Å) 
P2-C(Å) 
P1-C-P2 (°) 
1.621 
1.620 
174.75 
1.623 
1.644 
157.33 
1.612 
1.621 
177.84 
Optimized 
geometry 
 
1F  2F 
 
1,2F 
P1-C (Å) 
P2-C(Å) 
P1-C-P2 (°) 
1.617 
1.624 
171.2 
1.614 
1.642 
158.8 
1.602 
1.621 
175.9 
Optimized 
geometry 
 
1SiH3 
 
2SiH3 
 
1,2SiH3 
P1-C (Å) 1.640 1.640 1.641 
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P2-C(Å) 
P1-C-P2 (°) 
1.624 
174.73 
1.634 
168.85 
1.637 
175.52 
Optimized 
geometry 
 
1Me 
 
2Me  1,2Me 
P1-C (Å) 
P2-C(Å) 
P1-C-P2 (°) 
1.637 
1.619 
170.25 
1.639 
1.624 
169.68 
1.636 
1.622 
170.16 
Optimized 
geometry 
 
1Ph 
 
2Ph 
 
1,2Ph 
P1-C (Å) 
P2-C(Å) 
P1-C-P2 (°) 
1.640 
1.615 
169.28 
1.638 
1.627 
169.09 
1.638 
1.621 
168.41 
Optimized 
geometry 
1Mes  
2Mes 
 
1,2Mes 
P1-C (Å) 
P2-C(Å) 
P1-C-P2 (°) 
1.642 
1.620 
165.5 
1.642 
1.630 
165.5 
1.641 
1.628 
166.6 
Optimized 
geometry 
 
1Mes* 
 
2Mes*  
1,2Mes* 
P1-C (Å) 
P2-C(Å) 
P1-C-P2 (°) 
1.646 
1.618 
167.7 
1.640 
1.635 
173.90 
1.645 
1.629 
169.5 
 
We can deduce from this table that the nature of substituents (halogen, alkyl, silyl or 
aryl groups), although they present various electronic and steric properties, has almost no 
influence on the P=C distance. In all cases, the latter is comprised between 1.61 and 1.64 
Å, typical for a P=C double bond; it is at the lower limit of the range probably because of 
the presence of a sp hybridized central carbon atom. The P1CP2 bond angle is never the 
ideal 180° like in allenes, but generally relatively close. In most of the cases it is between 
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170 and 177°; the only exceptions are the compounds HP=C=P(O)Cl and  HP=C=P(O)F 
(157.3 and 158.8° respectively), in which the halogen atom is bonded to the λ5 phosphorus 
atom. 
Thus, these compounds present geometrical parameters close to those of allenes and 
can be consequently classified as “heteroallenes” 
As a general conclusion to the computational investigations on CXX’P2O models, 
theoretical results place the diphosphaallene structure as realistic target if the proper 
organic groups would be used on the phosphorus atoms. The substituent of choice in this 
case is the bulky Mes* that could stabilize the P=C=P(O) moiety through strong steric 
effects. The synthesis of the corresponding diphosphaallene Mes*P=C=P(O)Mes* is 
described in the next chapter.  
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RESUME 
 
Ce chapitre présente la synthèse et la caractérisation du premier 
phosphavinylidène(oxo)phosphorane 2, un diphosphaallène du type -P=C=P(R)=O contenant 
deux atomes de phosphore λ3σ2 et λ5σ3.  
La synthèse du dérivé 2 a été réalisée par addition du phosphaéthényllithium 3’ sur 
l’oxyde de dichlorophosphine 4, une méthode souvent utilisée pour introduire le groupement 
fonctionnel –P=C sur un hétéroélèment. 
 
 
 
Le mécanisme de la réaction implique l’obtention du  diphosphapropène intermédiaire 1 
qui réagit immédiatement avec un deuxième équivalent molaire du lithien 3’ par un échange 
Cl/Li pour former le diphosphaallène par élimination de chlorure de lithium. 
 
 
 
La structure du composé 2 a été déterminée par spectroscopie de RMN multinoyaux  
(RMN 1H, 31P, 13C, HMBC, HSQC, COSY) et par spectrométrie de masse. 
Le comportement en solution du diphosphaallène 2 prouve l’existence du motif 
P=C=P(O) par la cyclisation intramoléculaire observée même à basse température : ce 
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réarrangement a lieu par addition d’une liaison C-H d’un groupe méthyle du Mes* lié à l’atome 
de phosphore λ5σ3 sur la double liaison –P(O)=C. 
 
 
La cyclisation donne un mélange d’isomères Z/E impossible à séparer par recristallisation 
mais qui ont été complètement caractérisés en solution.  
La structure du diphosphaallène 2 a été confirmée aussi par l’obtention des deux produits 
d’oxydation 7 et 8. 
Par addition d’eau sur le mélange des produits de cyclisation 6a et 6b un seul composé a 
été observé dans les spectres de RMN du phosphore. Dans ce cas, la réaction se passe au niveau 
de la double liaison P=C(H) pour donner le bis(oxyde de phosphine)méthylène 7. 
 
 
 
La structure du dérivé 7 a été confirmée par une étude de diffraction des rayons X. 
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Le produit d’oxydation 8 a été obtenu sous la forme d’un mélange d’isomères Z/E par 
addition d’eau sur une solution de diphosphaallène. La réaction est regiosélective et seuls les 
produits avec l’atome d’hydrogène lié à l’atome de carbone sp2 ont été observés.  
 
 
Une étude de diffraction des rayons X sur monocristaux prouve la structure Z de 
l’isomère 8a. 
 
 
 
Chapter 3. Synthesis and characterization of a 1-λ3σ2,3-λ5σ3-diphosphaallene 
 
 82 
 
3.1. Introduction 
 
As mentioned in the previous chapter, various 1,3-diphosphaallenes containing two 
phosphorus atoms with either identical or different coordination numbers have been described 
in the literature. This chapter presents the synthetic route employed in the preparation of the 
unprecedented 1-λ3σ2,3-λ5σ3-diphosphaallene of -P=C=P(O)- type. A detailed spectroscopic 
characterization of the derivative and its stability and chemical behavior are also discussed.  
 
Diphosphaallenes, like other heterocumulenes, have a high tendency to undergo head-to-
head or head-to-tail dimerizations. (Figure 3.1)  
 
 
Figure 3.1. Dimerization of heteroallenes. 
 
Some organic substituents used on phosphorus atoms to stabilize the monomeric form  of 
heterocumulenes include 2,4,6-tri-tert-butylphenyl (supermesityl, Mes*),  
2,4,6-trimethylphenyl (mesityl, Mes), 2,4,6-triisopropylphenyl (Tip) or tert-butyl. [1] In the 
case of phosphorus derivatives, the organic group of choice is the bulky supermesityl, often 
used in our research group for the preparation of different heteroalkenes or heteroallenes. 
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3.2. Synthesis of 1λ3σ2, 3λ5σ3 - diphosphaallene 
 
 
The synthetic route chosen for the preparation of 1λ3σ2, 3λ5σ3-diphosphaallene was the 
dehalogenation of the corresponding dihalodiphosphapropene 1, as in one of the methods 
previously discussed for 1λ3σ2, 3λ3σ2-diphosphaallenes. [2] 
 
 
Scheme 3.1 
 
 
3.2.1. Synthesis of phosphorus precursors 
 
Several methods used for the preparation of diphosphapropenes have been described (see 
Chapter 1) in the literature. For the synthesis of precursor 1 we envisaged a coupling reaction 
with C,C-dichlorophosphaethene 3 and the dichlorophosphine oxide 4 as starting materials.  
 
 
Scheme 3.2 
 
The synthesis pathway to dichlorophosphaethene 3 and dichlorophosphine oxide 4 led us 
to prepare first Mes*H. It was obtained through a Friedel-Crafts reaction between benzene and 
tert-butyl chloride in the presence of aluminium chloride. [3]  
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Scheme 3.3 
 
In the next step Mes*Br was obtained in high yield by a mild bromination of Mes*H. [4] 
The halogenation is performed in trimethylphosphate.  
Choosing the appropriate solvent for this stage proved difficult because side reactions like 
dealkylation of the aryl groups were previously reported when the halogenation took place in 
ordinary solvents (CH2Cl2, CCl4). However, they were not observed in trimethylphosphate. The 
main reason for this behaviour is that it reacts with the hydrogen halide formed from the H/Br 
exchange reaction providing an almost hydrogen halide-free medium, thus assuring a high 
conversion of Mes*H and preventing side reactions. [4] 
A simple metallation with n-butyllithium of the bromide followed by the addition of 
trichlorophosphine to the reaction mixture allowed the formation of dichlorophosphine 5. [5] In 
the 31P NMR spectrum of derivative 5 a singlet was observed at 153.2 ppm in the expected 
range for a tricoordinate phosphorus atom linked to two electronegative elements. 
 
 
Scheme 3.4 
 
The C,C-dichlorophosphaethene 3 is further on obtained through the action of a 
chlorocarbenoid resulting from chloroform and n-butyllithium: [6]  
 
 
Scheme 3.5 
 
The mechanism involves the formation in situ of chlorocarbenoid LiCCl3 by the action of 
one equivalent of butyllithium on chloroform. The carbenoid reacts with an equivalent of 
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dichlorophosphine Mes*PCl2 to give the intermediate Mes*P(Cl)-CCl3. This intermediate 
species undergoes a rapid chlorine/metal exchange with a second molecule of n-BuLi followed 
by an elimination of LiCl to form the C,C-dichlorophosphaethene 3. [6] 
 
The second phosphorus reagent needed, the dichlorophosphine oxide 4, was obtained by 
the addition of sulfuryl chloride to dichlorophosphine 5. [7] The first step  of the reaction is 
presumably  a complex (characterized only through 31P NMR: δ = 85.5 ppm) that easily 
hydrolyzes at low temperature.  
 
 
Scheme 3.6 
 
The pure dichlorophosphine oxide 4 was obtained directly by the removal of the solvent 
giving in the 31P NMR spectrum a singlet at 34.0 ppm, at a value expected for a phosphine 
oxide. 
 
 
3.2.2. Synthesis of Mes*P=C=P(O)Mes* 
 
The addition, at –80 °C, of one molar equivalent of phosphaalkenyllithium 3’ [8] to a 
solution of dichlorophosphine oxide 4 has not yielded the expected dichlorodiphosphapropene 
1 but directly the bis(supermesityl)phosphavinylidene(oxo)phosphorane 2 in a mixture 
containing the starting compounds Mes*P=CCl2 3, Mes*P(O)Cl2 4 and the diphosphaallene 2  
in a 1:1:1 ratio. [9] 
  
 
Scheme 3.7 
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The composition of the reaction mixture was proved by analysis through 31P NMR 
spectroscopy. The desired diphosphaallene was completely separated by precipitation in 
pentane as a yellow powder, owing to its poor solubility compared to that of 3 and 4. 
The one-pot preparation of 2 probably involves the initial formation of 
phosphaalkenylphosphine oxide 1 followed by a rapid CCl/CLi exchange with 
phosphaalkenyllithium 3’ leading to the starting dichlorophosphaalkene 3 and intermediate 1’. 
The latter loses LiCl to afford the diphosphaallene 2. [9] 
 
 
Scheme 3.8 
 
 
The structure of the 1,3-diphosphaallene 2 was unambiguously determined by 
multinuclear NMR spectroscopic studies (13P, 1H, 13C, decoupling experiments and 2D HSQC, 
HMBC).  
The 31P NMR spectrum of 2 displays the expected doublets at δ = 261.4 (σ2-P) and 117.3 
ppm (σ3-P) with a coupling constant 2JP-P of 30.5 Hz. The signal found for the σ2-P atom 
appears shifted by 120 ppm to a higher-frequency compared to the value reported for the 
diphosphaallene Mes*P=C=PMes* (δ31P = 141 ppm). [10] The signal of the λ5σ3-phosphorus 
atom is slightly low-frequency shifted in relation to those observed for Mes*P(O)=C(R)SiMe3 
(δ 31P = 153.7 ppm (R = Ph) [11a], 161.1 ppm (R = Me3Si)). [11b] 
In the proton NMR spectrum at low temperature (Figure 3.2), broad signals were 
observed at 1.10 and 1.64 ppm for the tert-butyl of the Mes* group bonded to the σ2-
phosphorus atom due to a slow rotation of the Mes* group.  
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Figure 3.2. 1H NMR spectrum of compound 2. 
 
A dynamic 1H NMR spectroscopy study was performed between 213 and 328 K  
(Figure 3.3). When the temperature increases, the two signals at 1.10 and 1.64 ppm broaden 
and disappear in the base line. A new, very broad signal appears at 1.37 ppm which begins to 
sharpen above 300 K, indicating a free rotation of the Mes* group bonded to the λ3σ2 P atom 
around the P1-C20 bond (Figure 3.3). As the 3 methyl groups of every o-t-Bu fragment 
(C27-C29 and C35-C37) give a singlet in all cases, we can postulate the free rotation of the  
t-Bu group around C21-C26 and C25-C34 bonds (see the experimental part for the numbering 
scheme). The coalescence temperature was determined at 268 K. 
In the aromatic area, at 213 K, we observe two broad singlets at 7.27 and 7.46 ppm due to 
the unequivalent aromatic H on the Mes* bonded to the λ3σ2-P atom. When the temperature 
increases, the same phenomenon is observed as for the t-Bu groups: the two signals disappear 
and a new signal is observed at 7.37 ppm. 
o-t-Bu(λ3-P) 
o-t-Bu(λ5-P) 
p-t-Bu(λ5-P) 
o-t-Bu(λ5-P) 
 
o-t-Bu(λ3-P) 
 
p-t-Bu(λ3-P) 
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Figure 3.3.  Dynamic 1H NMR spectra of diphosphaallene 2. 
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The coalescence temperature was 253K.  
The rotation barrier ∆G* was then calculated from the Eyring equation: 
 
RT
G
CB e
h
Tk
cK
*∆−
⋅= κ  
 
Tc = coalescence temperature    K = rotation frequency 
kB = Boltzmann’s constant   h = Planck’s constant 
cκ = transmission coefficient; generally 1 when there are 2 sites that exchange. 
 
Thus, using numerical values and decimal logarithms: 
 






−=∆
C
C T
kTG log32.1057.4*  
 
As the study has been made by NMR, in which ∆ν is determined (∆ν = the maximal 
difference of chemical shifts in Hz between the two signals), it is necessary to use ∆ν in the 
equation instead of k. The relation between them is 
2
ν
pi
∆
=ck  (kc = rate constant at the 
coalescence) when the two sited have no coupling between themselves. It is the case for o-t-Bu 
groups, but not for the aromatic protons of the Mes* groups. However, as the 4JHH coupling 
constant is small and that, moreover, we see only broad singlets due to a poor resolution al low 
temperature, we can suppose that in a first approximation, the relation 
2
ν
pi
∆
=ck  is valid. 
In this case the rotation barrier ∆G* is calculated according to the equation: 
 






∆
+⋅=∆
ν
C
C
T
TG log97.957.4*  
The rotation barrier is of course the same when it is calculated from different groups: in 
our case from t-Bu groups or aromatic protons. We obtain two different coalescence 
temperatures because ∆ν are different. 
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The calculated rotation barrier is 12.2 kcal/mol. Similar values have been reported for the 
rotation barriers of Mes* groups in phosphaarsaallene Mes*P=C=AsMes* (13.6 kcal/mol) [12] 
and in diphosphaallene Mes*P=C=PMes* (14.0 kcal/mol) [13].  
 
By contrast, a hindered rotation occurs for the Mes* group bonded to the P(O) moiety 
even at 323 K : two singlets for o-t-Bu groups at 1.23 and 1.79 ppm and two doublets of 
doublets (coupling with phosphorus and the other arom H) for the aromatic protons are 
observed. 
We notice that the chemical shifts of the t-Bu groups change depending on the 
temperature. This phenomenon is due to their position in relation to the Mes* groups whose 
rotation is free or hindered. 
 
In the 13C NMR spectrum, the expected doublet of doublets corresponding to the different 
coupling of the sp carbon atom with σ2 and σ3 P atoms was noticed at δ = 227.3 ppm, 1JCP = 47 
Hz and 177 Hz (Figure 3.4Figure 3.5). A similar doublet of doublets was observed for a σ4,σ2 
diphosphaallene. [14] The chemical shift corresponds to an sp-hybridized C atom from a 
P=C=P skeleton (similar values of around 270 ppm have been reported for the disupermesityl 
and 2,6-di-tert-butylphenyl substituted diphosphaallenes) [15, 16, 17]. Through selective 
decoupling experiments, the larger coupling constant of 177 Hz has been established to 
correspond to the C-P(O) coupling while the smaller constant of 47 Hz is due to the coupling 
with the σ2 phosphorus atom. 
A molecular ion peak is observed in mass spectroscopy of 2 with the expected fragments 
at m/z = 565 [M – Me]+ and 523 [M – t-Bu]+. 
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Figure 3.4. 13C NMR spectrum of compound 2. a) signal of the sp carbon atom; b) signal on irradiation of the P at 259.26 ppm (only the 
coupling C-P(O) remains); c) signal on irradiation of the P at 116.95 ppm (only the coupling P-C remains)
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Figure 3.5. 13C NMR spectrum of diphosphaallene with attribution of signals 
 (for atom numbering see Figure 3.12 in the experimental section).
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3.3. First aspects of the chemical behavior of 
phosphavinylidene(oxo)phosphorane 2 
 
 
3.3.1. Intramolecular cyclization of phosphavinylidene(oxo)phosphorane 2 
 
Compound 2 is stable for months in solid state, under inert atmosphere, but it undergoes 
an intramolecular cyclization in solution. The reaction involves the addition of a methyl group 
to the cumulated P(O)=C double bond. The cyclization occurred even at -80°C while 
attempting to obtain crystals for X-ray diffractions studies and the sole Mes* group bonded to 
the λ5σ3-P atom is involved in such a rearrangement. 
The reaction gives the phosphaalkenylphosphine oxides 6a and 6b in a mixture of 
geometric isomers, in an 85:15 ratio. B3LYP/6-31G(d)//ONIOM B3LYP/6-31G(d):PM3 
calculations support this easy isomerization as 6 is found to be lower in energy than 2 by about 
54 kcal/mol. [9] 
 
 
Scheme 3.9 
 
31P NMR spectra of 6a and 6b exhibit signals in the typical range for phosphaalkenes [18] 
(doublets of doublets for P=C in 6a at 339.1 ppm – 2JPP = 20.2 Hz, 2JPH = 24.4 Hz – and in 6b 
at 353.0 ppm – 2JPP = 73.3 Hz, 2JPH = 21.4 Hz) and phosphine oxides [19] (doublets for P(O) in 
6a at 49.3 ppm and in 6b at 38.7 ppm). Similar chemical shifts of 327 and 10 ppm have been 
reported for Mes*P=CH–P(O)H-Mes*. [20]  
The major product 6a was identified by the larger 2JPH coupling constant (24.4 ppm 
compared to 21.4 ppm for 6b) to be the E isomer. In the Mes*P=CHR system, the larger 
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coupling constant corresponds to the E isomer (18 Hz (Z) and 24.7 Hz (E) respectively in 
Mes*P=C(H)SiMe3). [6]  
Similar behavior with addition of the C-H bond of a t-Bu group of a Mes*group onto a 
P=C double bond was observed in the reaction of Mes*P=C=PMes* with Fe3(CO)9 [21] or with 
HBF4. [22] However, it is the first time that an intramolecular addition of this type was 
observed for a λ5σ3 phosphorus atom. 
 
ONIOM B3LYP/6-31G(d):PM3 geometry optimizations of 6 place the Z isomer higher in 
energy by 3.63 kcal/mol. Table 1 presents the optimized structures for 2 compared to the 
cyclization products 6a and 6b 
 
Table 3.1. Optimized structures of 2, 6a and 6b (T.E = total energy, in au; R. E = Relative 
energy in kcal/mol compared to the most stable structure) 
 
 
6a T.E -2202.75710915 
R.E = 0 
 
6b T.E -2202.75049720 
R.E = 4.15  
 
2 T.E -2202.67083773 a.u 
R.E. = 54.13  
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This rearrangement shows that the methylene(oxo)phosphorane moiety is much less 
stable than the phosphine oxide one. Contrary to bis(methylene)phosphoranes RP(=CR’2)2 
which isomerize into phosphiranes, [23, 24] the O=P=C unit in 1 did not undergo a similar 
cyclization (which would lead to the three-membered ring oxaphosphirane). 
 
 
3.3.2. Hydrolysis of 6a/6b 
 
Attempts to crystallize 6a or 6b isomers in various solvents failed. By addition of water 
the new bis(phosphinyl oxide)methylene 7 was obtained after one week in the form of only one 
diastereoisomer. This result means that an E/Z isomerization occurred on the P=C double bond 
during this hydrolysis; the latter was isolated as pale yellow crystals in 85% yield.  
 
 
Scheme 3.10 
 
The 31P{1H} NMR spectrum of 7 displays two doublets at δ = 52.1 and 4.8 ppm. In the 
nondecoupled 31P NMR spectrum, derivative 7 exhibits a doublet of doublets of triplets  
(2JPP = 2.7 Hz, 1JPH = 517.4 Hz, 2JPH = 2.8 Hz) for the signal at 4.8 ppm, the very large 1JPH 
coupling constant (1JPH = 517.4 Hz) being characteristic of a hydrogen atom bonded to a  
λ
5
σ
4
- phosphorus atom.  
1H and 13C NMR spectra at room temperature display broad signals for the Mes* group 
indicative of its hindered rotation. A dynamic NMR study was performed on compound 7 
between 253 and 323 K (Figure 3.6). 
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Figure 3.6. Dynamic 1H NMR study of 7 (Me and t-Bu groups). See Figure 3.14 in the experimental part for the numbering of atoms.
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The coalescence temperature for o-t-Bu groups and for aromatic protons on the Mes* 
group bonded to the P(H) atom are 288 K in both cases corresponding to a rotation barrier of 
14.2 kcal/mol, 2 kcal/mol higher than that of the Mes* group bonded to the λ3σ2-phosphorus 
atom in 2. Thus, contrary to the case of diphosphaallene 2, a free rotation of the Mes* group 
bonded to the λ5σ4-P atom was observed. 
An X-ray diffraction study was performed on compound 7 (Figure 3.7) which displays 
standard bond lengths and angles. 
 
 
 
Figure 3.7. X-ray structure of 7. Selected geometrical parameters (bond lengths given in Å and 
angles given in °): P1C1 1.827(3), P2C1 1.822(3), P2C2 1.819(3), P2C9 1.794(4), P1C20 
1.818(4), PO1 1.482(2), P2O2 1.481(2), P1C1P2 115.14(18), O1P1C1 112.78(15), O2P2C1 
111.13(14), O2P2C2 119.96(16), O1P1C20 120.11(14). 
 
A chain-like structure was observed in the crystal packing of 7. Two (P=)O···H(Mes*) 
intermolecular contacts (2.65 Å from O2 to H(Mes*) and 2.52 Å from O2 to one of the methyl 
groups substituting the phospholene ring) are responsible for this packing, through the short 
bifurcated hydrogen bonds (Figure 3.8). 
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Figure 3.8. Crystal structure of 7 showing the short intermolecular contacts. 
 
 
3.3.3. Reaction of diphosphaallene 2 with water 
 
The structure of 2 was also proved unambiguously by hydrolysis. The λ5σ3-P=C double 
bond is much more reactive than the λ3σ2-P=C one since one equivalent of water adds only 
onto this double bond to afford the two geometric isomers 8a (20%) and 8b (80%). Again, the 
ONIOM B3LYP/6-31G(d):PM3 optimizations show that 8b (E isomer) is lower in energy by 
5.27 kcal/mol. 
31P NMR spectra of 8a and 8b present characteristic signals of phosphaalkenes (δ 31P 8a 
305.5 ppm (dd, 2JPP = 47.3 Hz, 2JPH = 24.4 Hz, P=C), 8b 335.4 ppm (dd, 2JPP = 68.5 Hz, 
 
2JPH = 24.4 Hz, P=C), and phosphinic acids (δ 31P 8a 24.6 ppm (d, 2JPP = 47.3 Hz, P(O); 8b 
34.9 ppm (d, 2JPP = 68.5 Hz, P(O)). 
This addition is regioselective and gives as expected the derivative with the hydrogen 
atom bonded to the central sp2 carbon atom. However, as the reaction of water with 1 is slow in 
solution (about one day in pentane at room temperature), the competitive cyclization products 
6ab are also formed. Compounds 6 and 8 are obtained in the ratio 6a (25%), 6b (5%), 8a 
(20%), 8b (50%).  
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Scheme 3.11 
 
The X-ray structure of the Z isomer 8b has been determined (Figure 3.9) and displays 
standard bond lengths and angles.  
 
Figure 3.9. X-ray structure representation of 8b. Selected geometrical parameters (bond 
lengths given in Å and angles given in °): P1C1 1.650(4), P2C1 1.822(3), P2C2 1.828(4), 
P1C20 1.847(5), P2O1 1.510(3), P2O2 1.550(3), P1C1P2 122.3(3), O1P2C1 108.72(17), 
O2P2C1 107.32(18), O1P2C2 108.39(17), O2P2C2 105.60(18), C1P2C2 116.26(19), C1P1C20 
106.58 C20P1C1P2 168.0 
 
The phosphorus atoms present different geometries corresponding to an sp2 or sp3 
hybridization. P1-C1-P2 angle of 122.3° corresponds to a sp2 hybridized carbon atom.  
In the crystal packing of 8b dimeric units formed by O···H interactions were observed 
(1.79 Å) between the O atom of one molecule and the HO group of a second one. 
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Figure 3.10. Dimeric units formed by short O···HO contacts in the crystal structure of 8b. 
 
These dimeric units exhibit further CH···HC contacts (2.38 Å) between the o-H(Mes* 
groups of neighbouring fragments leading to chair-like polycycles displaying cavities of  
5.6-5.8 Å diameter. The p-H(Mes) groups come also close, so that finally a layer is formed as 
shown in Figure 3.11. Neighbouring cycles are in contact within distances of 2.32 Å, which are 
still shorter than the sum of the van der Waals radii of hydrogen (2.40 Å).  
 
Figure 3.11. A top view of a layer formed by chair-like rings in 8b. 
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In conclusion, the first phosphavinylidene(oxo)phosphorane 2, a derivative with three 
“cumulated formal double bonds”, was obtained as a stable compound in the solid state in a 
one-pot procedure. The ability of 2 to form transition metal complexes should be interestingly 
investigated. 
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3.4. Experimental part 
 
General considerations 
 
Due to the air and moisture sensitivity of most of phosphorus derivatives, all 
experiments were carried out in flame-dried glassware under an argon atmosphere using  
high-vacuum-line techniques.  
All the solvents were dried and freshly distilled from LiAlH4 or Na/benzophenone. The 
liquid reagents used were degassed.  
NMR spectra were recorded in CDCl3 on the following spectrometers: 1H, Bruker 
Avance 300 (300.13 MHz) and Avance 400 (400.13 MHz); 13C{1H}, Bruker Avance 300 
(75.47 MHz) and Avance 400 (100.62 MHz) (reference TMS); 31P, Bruker AC200 (81.02 
MHz), Avance 300 (121.51 MHz) and Avance 400 (162.04 MHz) (reference H3PO4).  
Melting points were determined on a Wild Leitz–Biomed apparatus. Mass spectra were 
obtained on a Hewlett–Packard 5989A spectrometer by EI at 70 eV. 
 
 
X-ray structures 
 
Crystal data for 7 and 8 
 
7: C43H73Cl3O2P2, M = 790.30 (CHCl3 and cyclohexane in the lattice), triclinic, P1,  
a = 13.998(2) Å, b = 14.106(2) Å, c = 14.348(2) Å, α = 91.531(4)°, β = 119.170(3)°,  
γ = 108.678(3)°, V = 2285.6(6) Å3, Z = 2, T = 173(2) K. 9004 reflections (5491 independent,  
Rint = 0.0740) were collected. Largest electron density residue: 0.341 e Å–3, R1 
 
(for I>2σ(I)) = 0.0565 and wR2 = 0.1433 (all data) with R1 = Σ||Fo|-|Fc||/Σ|Fo| and  
wR2 = (Σw (Fo2-Fc2)2/Σw(Fo2)2)0.5. 
8: C37H60O2P2, M = 598.79, monoclinic, P21/c, a = 10.275(1) Å, b = 25.939(2) Å,  
c = 14.342(1) Å, β = 110.884(2)°, V = 3571.4(6) Å3, Z = 4, T = 173(2) K. 15676 reflections 
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(5066 independent, Rint = 0.1213) were collected. Largest electron density residue: 0.250 e Å–3, 
R1 (for I>2σ(I)) = 0.0558 and wR2 = 0.0943 (all data).  
All data for structures reported were collected at low temperatures using an oil-coated  
shock-cooled crystal on a Bruker-AXS CCD 1000 diffractometer with MoKα radiation  
(λ = 0.71073 Å). The structures were solved by direct methods (SHELXS-97), [25] and all non 
hydrogen atoms were refined anisotropically using the least-squares method on F2  
(SHELXL-97). [26] 
 
 
Synthesis of Mes*PCl2 5 
 
The preparation of Mes*PCl2 was achieved through the method described by Yoshifuji 
[5] starting from Mes*Br (20 g, 61.7 mmoles), n-BuLi (40.33 ml, 64.54 mmoles, 1.6 M in 
hexane) and PCl3 (5.65 ml, 64.54 mmoles). BuLi was added to a solution of Mes*Br in THF 
(20 ml) at -80°C. After 2 hours stirring at this temperature PCl3 was added dropwise and the 
solution was allowed to warm to room temperature. The reaction mixture was refluxed for 2 
hours and the pure Mes*PCl2 was separated after removal of volatiles and recrystallization in 
pentane as pale yellow crystals (19.3 g, yield 90.3%). 
 
31P NMR (CDCl3, 121.51 MHz ): 
 δ  = 153.3 ppm (t, 4JPH = 2.5 Hz) 
 
1H NMR (CDCl3, 300.13 MHz):  
 δ = 1.31 ppm (s, 9H, para-t-Bu), 1.60 ppm (d, 5JPH = 1.1 Hz, 18H, ortho-t-Bu), 7.42 
ppm (d, 4JPH = 2.5 Hz, 2H, H arom.). 
 
 
Synthesis of Mes*P=CCl2 3 [6] 
 
5.65 ml of chloroform (61.47 mmoles) were added to a solution of Mes*PCl2 (21.3 g, 
61.47 mmoles) in 200 ml of THF. The mixture was cooled to -100°C and BuLi (solution 1.6 M 
in hexane, 81 ml, 129.1 mmoles) was added dropwise. After one hour the addition was 
complete and the dark brown reaction mixture was allowed to warm to room temperature. After 
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removal of Li salts by precipitation in pentane, the pure ArP=CCl2 was crystallized from 
methanol (16.7 g, 81%). 
 
31P NMR (CDCl3, 121.51 MHz ): 
δ = 232.5 ppm (s) 
 
1H NMR (CDCl3, 300.13 MHz)  
δ = 1.33 ppm (s, 9H, para-t-Bu), 1.50 ppm (d, 5JPH = 1.0 Hz, 18H, ortho-t-Bu), 7.43 ppm 
(s, 4JPH = 1.7 Hz, 2H, H arom.). 
 
 
Synthesis of Mes*P(O)Cl2 4 [7] 
 
7 ml of SO2Cl2 (11.66 g, 86.4 mmoles) were added dropwise to a solution of 25 g of 
Mes*PCl2 (72 mmoles) in 150 ml of CH2Cl2. A white solid forms rapidly (δ31P = 85 ppm), 
presumably a complex. All volatile products were removed under vacuum and the residue was 
dissolved in pentane and treated with 100 ml of iced water. A simple separation of the organic 
phase and recrystallization from pentane at -30°C yielded MesP*(O)Cl2 as white crystals (20 g, 
55.0 mmoles, 76.4%). 
 
31P NMR (CDCl3, 81.01 MHz): 
δ = 34.0 ppm (s) 
 
 1H (CDCl3, 200 MHz) : 
δ = 1.29 ppm (s, 9H, p-t-Bu), 1.53 ppm (s, 18H, o-t-Bu), 7.37 ppm (d, 4JPH = 8.0 Hz, 2H, 
H arom.). 
 
 
Synthesis of Mes*P(O)=C=PMes* 2 
 
To a solution of Mes*P=CCl2 3 (3.15 g, 8.67 mmol) in THF (20 ml) cooled to –80 °C, 
5.7 ml of a solution of n-butyllithium 1.6 M in hexane (9.1 mmol) were added. After one hour 
stirring, the orange solution of Mes*P=C(Cl)Li (3’) was canulated to a solution of 
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Mes*P(O)Cl2 4 (3.00 g, 8.67 mmol) in THF (30 ml) at –80 °C. The reaction mixture became 
dark brown and after 15 minutes stirring at this temperature and warming to –20 ° C the solvent 
was removed under vacuum. 30 ml of pentane were added to the residue; 3 and 4 were 
solubilized whereas 2 along with LiCl precipitated due to its very low solubility in pentane. 
After filtration, 2 was extracted with CH2Cl2. Removal of the solvent gave a pale yellow 
powder of 2 (2.01 g, 40%, mp 125 °C, dec). All attempts to obtain crystals suitable for an X-ray 
diffraction study failed because of the fast intramolecular cyclization. 
The carbon and phosphorus atoms are numbered as follows: 
 
 
Figure 3.12. Atoms numbering in diphosphaallene 2. 
 
In order to assign all the signals observed in the 1H and 13C NMR spectra, HSQC, HMBC 
and selective 31P decoupling experiments were performed. 
 
31P NMR (CDCl3, 81.02 MHz, 298 K):  
δ = 117.3 ppm (d, 2JPP = 30.5 Hz, P2), 261.4 ppm (d, 2JPP = 30.5 Hz, P1). 
 
1H NMR (CDCl3, 400.13 MHz, 213 K):  
δ = 1.10 (s, 9H, H on C27–29), 1.23 (s, 9H, H on C17–19), 1.34 (s, 9H, H on C13–15), 
1.36 (s, 9H, H on C31–33), 1.65 (s, 9H, H on C35–37), 1.79 (s, 9H, H on C9–11), 7.27 (broad 
s, 1H, H on C22), 7.37 (broad d, 4JHP = 5.2 Hz,  1H, H on C6), 7.46 (broad s, 1H, H on C24), 
7.48 (broad d, 4JHP = 6.1 Hz,  1H, H on C4). 
 
13C NMR (CDCl3, 100.62 MHz, 213 K): 
δ = 31.3 (C13–15), 31.5 (C31–33), 32.8 (C17–19), 33.1 (d, 4JCP1 = 6.5 Hz, C27–29), 33.3 
(C9–11), 33.9 (C35–37), 35.2 (C30), 35.5 (C12), 37.4 (C26), 38.1 (d, 3JCP2 = 3.1 Hz, C16), 38.5 
(C34), 38.7 (d, 3JCP2 = 3.6 Hz, C8), 119.7 (d, 1JCP2 = 127.5 Hz, C2), 121.7 (C22), 122.6 (d, 3JCP2 
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= 13.8 Hz, C6), 122.7 (C24), 122.9 (d, 3JCP2 = 15.6 Hz, C4), 138.3 (dd, 1JCP1 = 74.6 Hz, 3JCP2 = 
28.5 Hz, C20), 150.3 (C23), 152.0 (C21), 153.6 (d, 2JCP2 = 6.7 Hz, C7), 153.9 (C25), 154.2 (d, 
2JCP2 = 11.0 Hz, C3), 154.6 (d, 4JCP2 = 2.9 Hz, C5), 227.3 (dd, 1JCP1 = 47.1 Hz, 1JCP2 = 184.7 Hz, 
C1). 
 
MS (EI, 70 eV, m/z) 580 (M, 1), 565 (M – Me, 3), 523 (M – t-Bu, 20), 467 (M – 2 t-Bu + 
1, 5), 335 (M – Mes*, 30), 57 (t-Bu, 100). 
 
C37H58OP2 (580.81): calcd. C 76.51, H 10.07; found C 76.76, H 9.75. 
 
At 253 K, the signals of C21, 22, 24–26, 27–29, 34, and 35–37 (13C NMR) and the 
signals of H on C22, 24, 27–29, 35–37 (1H NMR) are too broad to be observed. 
At 328 K, the free rotation of Mes* bonded to P1 occurs and the following signals are 
observed: 33.8 ppm (C27–29 and C35–37), 37.8 ppm (C26 and C34), 121.9 ppm (C22 and 
C24) and 153.2 ppm (C21 and C25) in the 13C NMR spectrum; 1.39 ppm (s, C27–29 and  
C35–37) and 7.32 ppm (s, C22 and C24) in the 1H NMR spectrum. 
 
 
Synthesis of cyclization products 6a and 6b 
 
A solution of Mes*P(O)=C=PMes* 2 (1.20 g, 2.01 mmol) in toluene (10 ml) was heated 
at 80 °C for 1 h. A NMR analysis showed the conversion of 2 into 6a and 6b in the ratio 85/15. 
Removal of solvent in vacuo led to a powder of 6ab. Attempts of fractional crystallization in 
various solvents (pentane, Et2O, CHCl3) did not allow the complete purification of the two 
isomers 6a and 6b. 
Selective 31P decoupling 1H and 13C NMR experiments were performed. At 283 K, 
signals of some t-Bu groups are too broad to be observed in 1H NMR. 
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Figure 3.13. Numbering of atoms in cyclization product 6. 
 
6a (E isomer): 
31P NMR (CDCl3, 81.02 MHz, 298 K):  
δ = 49.3 (d, 2JPP = 70.2 Hz, P2), 339.1 (dd, 2JPP = 70.2 Hz, 2JPH = 24.4 Hz, P1). 
 
 1H NMR (CDCl3, 400.13 MHz, 283 K): 
δ = 1.31, 1.48 and 1.56 (3s, 27H, H on t-Bu groups), 2.36 (ddd, 2JHH = 15.0 Hz, 2JHP2 = 
19.3 Hz, 4JHP1 = 3.9 Hz, 1H, H on C11 (carbon atom bonded to P2)), 2.50 (dd, 2JHH = 15.0 Hz,  
2JHP2 = 7.1 Hz, 1H, H on C11), 7.16, 7.28, 7.36 and 7.40 (4 broad s, 4 x 1H, arom H), 7.58 (dd, 
2JHP1 = 22.3 Hz, 2JHP2 = 13.8 Hz, 1H, H on C1). 
 
13C NMR (CDCl3, 100.62 MHz, 283 K): 
δ = 31.2, 31.3 and 32.5 (C13–15, C17–19, C31–33), 34.2 (d, 4JCP1 = 7.0 Hz, C27–29, 
C35–37), 37.5 (C30), 38.3 (C26, C34), 39.0 (d, 2JCP2 = 5.8 Hz, C8), 40.0 (d, JCP2 = 2.8 Hz) and 
40.8 (d, JCP2 = 3.6 Hz) (C12, C16), 43.7 (dd, 1JCP2 = 75.9 Hz, 3JCP1 = 6.0 Hz, C11), 118.7 (d, 
3JCP2 = 13.8 Hz) and 122.8 (d, 3JCP2 = 10.0 Hz, C4, C6), 122.2 (C22, C24), 127.1 (d, 1JCP2 = 
95.6 Hz, C2), 138.8 (dd, 1JCP1 = 67.5 Hz, 3JCP2 = 17.7 Hz, C20), 150.1 (C23), 153.4 (C21, 
C25), 154.2 (d, 2JCP2 = 7.2 Hz) and 157.0 (d, 2JCP2 = 20.2 Hz, C3, C7), 155.7 (d, 4JCP2 = 2.5 Hz, 
C5), 165.3 (dd, 1JCP2 = 74.8 Hz, 1JCP1 = 63.2 Hz, C1). 
 
MS (EI, 70 eV, m/z) 565 (M – 15, 8), 523 (M – t-Bu, 15), 335 (M – Mes*, 100), 57 (t-
Bu, 90). 
 
6b (Z isomer): 
31P NMR (CDCl3, 81.02 MHz, 298 K): 
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δ = 38.7 (d, 2JPP = 73.3 Hz, PO), 353.0 (dd, 2JPP = 73.3 Hz, 2JPH = 21.4 Hz, P=C). 
 
1H NMR (CDCl3, 400.13 MHz, 283K): 
δ = 7.82 (dd, 2JHP2 = 212.0 Hz, 2JHP1 = 17.6 Hz, 1H, CH=P) (other 1H signals and 13C 
signals of the minor isomer could not be assigned unambiguously). 
 
 
Hydrolysis of 6a and 6b: synthesis of 7 
 
An excess of degassed water was added to the precedent mixture of 6ab (0.60 g, 1.04 
mmol) in Et2O. After one week stirring at room temperature, a NMR analysis showed the 
formation of 7. Et2O was removed under vacuum. Recrystallization from pentane afforded pure 
7 as pale yellow crystals (0.48 g, 78%, mp 203 °C). 
 
 
Figure 3.14. Numbering of atoms in compound 7.  
 
HSQC, HMBC, NOESY and selective 31P decoupling 1H and 13C NMR experiments were 
performed. 
 
31P NMR (CDCl3, 81.02 MHz, 298 K):  
δ = 4.8 (ddt, 2JPP = 2.7 Hz, 1JPH = 517.4 Hz,  2JPH = 2.8 Hz, P1), 52.1 (d, 2JPP = 2.7 Hz, 
P2). 
 
1H NMR (CDCl3, 400.13 MHz, 253 K): 
δ = 0.46 (dd, 2JHP2 = 6.2 Hz, 2JHH = 15.3 Hz,  1H, H on C11, carbon atom bonded to P2), 
0.90 and 1.21 (2s, 2 x 3H, H on C10,11), 1.30 (s, 9H, H on C13–15), 1.38 (s, 9H, H on C31–
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33), 1.52 and 1.65 (2s, 2 x 9H, H on C27–29 and C35–37), 1.53 (s, 9H, H on C17–19), 1.54 
(dd, 2JHP2 = 20.4 Hz, 2JHH = 15.3 Hz,  1H, H on C11), 2.43 (dddd, 2JHP1 = 15.0 Hz, 2JHP2 = 7.2 
Hz, 2JHH = 15.3 Hz, 3JHH = 7.1 Hz, 1H, H on C1), 3.30 (dt, 2JHP1  and 2JHP2 = 16.6 Hz, 2JHH = 
15.3 Hz, 1H, H on C1), 7.07 (dd, 4JHP2 = 2.0 Hz, 4JHH = 1.0 Hz,  1H, H on C4), 7.41 (dd, 4JHP2 = 
5.2 Hz, 4JHH = 1.0 Hz,  1H, H on C6), 7.45 (dd, 4JHP1 = 2.0 Hz, 4JHH = 1.0 Hz,  1H, H on C22), 
7.54 (dd, 4JHP1 = 4.1 Hz, 4JHH = 1.0 Hz,  1H, H on C24), 8.52 (ddd, 1JHP1 = 517.4 Hz, 3JHP2 = 2.8 
Hz, 3JHH = 7.1 Hz, 1H, H on P1). 
 
13C NMR (CDCl3, 100.62 MHz, 253 K): 
 δ = 31.2 (C13–15), 31.4 (C31–33), 31.9 and 33.5 (C10–11), 32.2 (C17–19), 33.6 and 
34.3 (C27–29 and C35–37), 35.3 (C30), 35.4 (C12), 37.7 (C16), 38.7 (d, 2JCP2 = 6.2 Hz, C8), 
39.2 (C26 and C34), 39.6 (d, 1JCP2 = 72.1 Hz, C11), 40.6 (dd, 1JCP1 = 55.1 Hz, 1JCP2 = 50.5 Hz, 
C1), 118.9 (d, 3JCP2 = 14.4 Hz, C4), 123.3 (d, 3JCP2 = 10.2 Hz, C6), 123.6 (d, 3JCP1 = 11.9 Hz) 
and 124.1 (d, 3JCP1 = 13.4 Hz) (C22 and C24), 125.2 (dd, 1JCP2 = 96.5 Hz, 3JCP1= 3.9 Hz, C2), 
128.2 (d, 1JCP1 = 99.0 Hz, C20), 153.6 (d, 4JCP1 = 3.1 Hz, C23), 154.2 (d, 2JCP2 = 8.1 Hz, C7), 
156.0 (d, 2JCP1 = 5.7 Hz, C21), 156.3 (d, 2JCP2 = 33.0 Hz, C3), 156.6 (d, 4JCP2 = 2.4 Hz, C5), 
157.4 (d, 2JCP1 = 11.9 Hz, C25). 
 
MS (EI, 70 eV, m/z) 599 (M + 1, 2), 581 (M – O – 1, 1), 541 (M – t-Bu, 100), 353 (M – 
Mes*, 85), 57 (t-Bu, 70). 
 
 
Synthesis of 8a and 8b by hydrolysis of the P(O)=C double bond of 2 
 
An excess of degassed water was added to a solution of 2 (1.15 g, 1.98 mmol) in pentane 
(20 ml). After 2 days stirring at room temperature, a NMR analysis showed the formation of a 
mixture of 6ab and 8ab. Attempts of crystallization from various solvents did not allow a 
complete separation of the two derivatives, and only some single crystals of 8 for an X-ray 
structure determination could be obtained by crystallization from CHCl3 and cyclohexane. 
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Figure 3.15. Numbering of atoms in compounds 8. 
 
31P NMR (CDCl3, 81.02 MHz, 298 K):  
8a (30 %), δ = 24.6 ppm (d, 2JPP = 47.3 Hz, P2), 305.5 ppm (dd, 2JPP = 47.3 Hz, 2JPH = 
24.4 Hz, P1). 
8b (70 %), δ = 34.9 ppm (2JPP = 68.5 Hz, P2), 335.4 ppm (dd, 2JPP = 68.5 Hz, 2JPH = 24.4 
Hz, P1). 
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Table 3.2. Compound number (the newly synthesized products presented in this chapter are 
underlined) 
 
 
 
2 
 
6a 
 
3 
 
6b 
 
3’ 
 
7 
 
4 
 
8a 
 
5 
 
8b 
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RESUME 
 
 
Ce chapitre présente la synthèse et la caractérisation physico-chimique de 
nouveaux dérivés du type Mes*-P=C(Cl)-P(Cl)-R (R = t-Bu, Mes), leurs produits 
d’oxydation Mes*P=C(Cl)-P(=E)(Cl)-R (E = S, O) et leurs complexes avec des métaux 
de transition. 
 
Les diphosphapropènes ont été obtenus sous la forme de produits peu sensibles à 
l’air, par réaction entre Mes*P=CClLi et la dichlorophosphine correspondante à basse 
température.  
 
 
 
En chauffant 11 avec un excès de soufre ou de diméthylsulfoxide, les produits 
oxydés sur le phosphore λ3σ3 12 et 13 ont été obtenus avec de bons rendements.  
P C PMes*
Cl
DMSO
/ toluene
P C PMes*
Cl
R
Cl
O
P C PMes*
Cl
R
Cl
S
/ toluene
1/8 S8
Cl
R
11
12
13
 
Tous les dichlorodiphosphapropènes ont été complètement caractérisés par la 
spectrométrie de RMN multinoyaux, la spectrométrie de masse et dans le cas de 13 par 
une étude de diffraction des rayons X sur monocristaux. 
Des essais ont été effectués sur ces dichlorodiphosphapropènes pour créer une 
deuxième double liaison et donc obtenir les diphosphaallènes correspondants mais les 
résultats n’ont pas été concluants. Nous avons donc testé une autre approche, à savoir la 
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complexation des dichlorodiphosphapropènes par des métaux de transition. Des 
complexes avec les dérivés du tungstène et du palladium ont été obtenus à partir des 
diphosphapropènes 11 et 13; ceux-ci jouent le rôle de ligands bidentates. 
 
 
 
Dans le cas des complexes du palladium 20 et 21, une cyclisation intramoléculaire 
a été observée, avec l’addition d’un motif C-H appartenant à un groupement t-Bu du 
Mes* sur la double liaison C=P. Il s’agit de la première réaction de ce type observée 
pour  un complexe avec le Pd, car dans la littérature un comportement similaire a été 
rapporté seulement dans la coordination avec le Pt. 
Tous les complexes ont été caractérisés en solution par la spectroscopie de RMN 
multinoyaux (1H, 13C, 31P) et à l’état solide par la diffraction de rayons X sur 
monocristaux. Dans tous les cas, la structure chélatée a été confirmée. 
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Nous présentons aussi des études préliminaires sur l’activité biologique et 
catalytique du complexe 21.  
L’étude préliminaire sur l’activité biologique de 21 montre une influence sur la 
structure deoxi de l’hémoglobine. Le chélate de palladium inhibe l’activité peroxidase 
du cytochrome c, ce qui est très intéressant car ce type d’interaction est important pour 
l’élimination de cellules cancéreuses.  
 
La dernière partie de ce chapitre présente la synthèse et la caractérisation du 
phosphaallène (Me3Si)2C=P(Mes*)=C(Cl)-P(Cl)t-Bu, précurseur potentiel d’un 
diphosphacumulène de type >C=P(R)=C=P-. 
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4.1 Introduction  
 
In the previous chapter, we have described the synthesis of the new 
diphosphaallene Mes*P(O)=C=PMes* with λ5σ3 and λ3σ2 phosphorus atoms. However, 
one of the problem encountered is the cyclization of one C-H bond of an o-tert-butyl of 
the Mes*group on the λ5 P=C bond preventing the study of reactivity of this compound. 
Only the tetracoordinate phosphorus atom was involved in such a cyclization. 
 
Thus, we planned to synthesize other compounds of this type with substituents on 
the λ5σ3 phosphorus atom that could not give a cyclization with the P=C bond. As a 
bulky group is necessary for the stabilization, one of the answers to this problem was 
the use of alkyl and aryl groups such as tert-butyl and mesityl. For the λ3-phosphorus 
atom, which was not involved in a cyclization, we kept on using the bulky supermesityl 
group, able to stabilize the P=C double bond. 
 
We also present in this chapter the synthesis of transition metal complexes of 
diphosphapropenes and of new cumulenic diphosphabutene, potential precursors of a 
diphosphabutatriene with three cumulated double bonds. 
 
The chapter also presents the first attempts of catalysis and a preliminary study of 
the biological activity of one of the synthesized derivatives. 
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4.2 Synthesis and characterization of 
dichlorodiphosphapropenes –Mes*P=C(Cl)-P(R)(E)Cl, (E = O,S)  
 
 
The general method used for the preparation of diphosphapropenes was the 
coupling reaction of a dichlorophosphine with phosphaethenyllithium 3’. 
 
 
Scheme 4.1 
 
All the required dichlorophosphorus derivatives have been obtained through 
methods described in the literature starting from trichlorophosphine.[1] The  
tert-butyl-dichlorophosphine 9 was obtained according to the Voskuil method by the 
reaction of freshly distilled trichlorophosphine with tert-butylmagnesium chloride. 
Dichlorophosphine 9 was then easily separated by distillation under reduced pressure. 
 
 
Scheme 4.2 
 
The mesityl substituted derivative, the compound 10, was obtained through the 
same method, [2] namely the action of a mesityl Grignard intermediate on phosphorus 
trichloride. 
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Scheme 4.3 
 
4.2.1 Synthesis of tert-butyl substituted diphosphapropenes 
 
The diphosphapropene 11 was obtained by addition, with a cannula, of a solution 
of the phosphacarbenoid Mes*P=C(Cl)Li, prepared at –90° C, to a solution of t-BuPCl2 
cooled to -78° C. 
 
 
Scheme 4.4 
 
Starting from the Z-phosphacarbenoid Mes*P=C(Cl)Li 3’, only the Z-isomer was 
formed as shown by the large 2JPP coupling constant (345.0 Hz). In the 13C NMR 
spectrum, the signal of the carbon bonded to the two phosphorus atoms was observed at 
168.4 ppm with close 1JP=C and 1JP-C values.  
In the proton NMR spectrum, the two o-t-Bu groups on the supermesityl are 
unequivalent, due to its hindered rotation. It is easy to differentiate o-t-Bu and p-t-Bu 
groups: the peak of the latter, whose rotation is free, is always sharper than that of o-t-
Bu groups which generally are broad. The aromatic H of the Mes* group are also 
unequivalent due to its slow rotation and appear as a multiplet. In the 13C NMR 
spectrum, the same phenomenon is observed, with 2 doublets for the o-t-Bu, as well as 
for the aromatic carbon atoms (ortho and meta). 
 
By heating 11 with an excess of dimethylsulfoxide or sulfur, in refluxing toluene, 
diphosphapropenes 12 and 13 are formed in excellent yields. Oxidation of the 
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unsaturated λ3σ2 phosphorus atom was not observed, even under these rather drastic 
conditions, as shown by the 31P NMR spectra which display low field shifts for this 
atom  
(12 = 341.4 and 13 = 336.7 ppm).  
 
 
Scheme 4.5 
 
This result is in agreement with the greater basicity of the λ3σ3 sp3 compared to 
that of the λ3σ2 sp2 phosphorus atoms and the generally low stability of the –P(O)=C< 
skeleton. 
 
 
Figure 4.1. 31P NMR spectrum of derivative 13. 
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As previously mentioned for compound 11, the high steric demand of the tert-
butyl units of the supermesityl group slow down its free rotation in derivatives 12 and 
13, so, in all cases 1H and 13C NMR spectra show two doublets for the two different 
tert-butyl groups on the o-C atoms. 
 
 
  125 
 
Figure 4.2. 13C NMR spectrum of derivative 13. 
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The Z configuration was preserved when going from 11 to 12 and 13 as observed 
in the NMR study, with 2JPP coupling constants (75.2 Hz for 12, 97.2 Hz for 13) 
characteristic for such derivatives (80 Hz in Z-Mes*P=C(Cl)P(O)Ph2,[3] 104 Hz in  
Z-Mes*P=C(Cl)-P(S)Ph2 but only 53 Hz in E-Mes*P=C(Cl)-P(S)Ph2).[3] For derivative 
13 an X-ray diffraction study on single crystal was performed confirming the 
stereochemistry (Figure 4.3). 
 
Figure 4.3. Molecular structure of 13 with atom labeling scheme. Selected geometrical 
parameters (bond lengths given in Å and angles given in °) Cl1-P2 2.038(1), Cl2-C1 
1.741(2), P1-C1 1.681(2), P1-C6 1.836(2), P2-C1 1.806(2), P2-C2 1.847(2), P2-S2 
1.939(1), C1-P1-C6 100.11(8), C1-P2-C2 110.29(8), C1-P2-S2 110.83(6), C2-P2-S2 
112.25(7), C1-P2-Cl1 104.61(6), C2-P2-Cl1 105.44(7), S2-P2-Cl1 113.03(3), P1-C1-
Cl2 126.03(10), P1-C1-P2 117.91(9), Cl2-C1-P2 116.03(10). 
 
 
An alternative route was tested for the preparation of 12, namely the reaction of 
Mes*P=C(Cl)Li with t-BuP(O)Cl2, which only led to unidentified compounds. 
 
 
Scheme 4.6 
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Attempts to obtain the cumulated double bonds 
 
The preparation of diphosphaallenes through the chlorine atoms elimination was 
investigated using various methods.  
The behavior of derivatives 12 and 13 towards tert-butyllithium, methyllithium, 
phenyllithium and naphthalenelithium has been studied. However, none of the reactions 
yielded the desired diphosphaallene. 
 
 
Scheme 4.7 
While methyllithium, phenyllithium and naphthalenelithium did not react with the 
diphosphapropenes, the reaction of compound 13 with tert-butyllithium resulted in a 
mixture of unidentified products. Along with the starting diphosphapropene 13 a major 
product gave rise in the 31P NMR spectrum 2 doublets at 303.1 ppm (2JPP = 83.8 Hz) and 
94.4 ppm (2JPP = 83.8 Hz) in the proton decoupled spectrum proving that the newly 
formed compound preserves a P=C-P(S) skeleton. 
This derivative could not be separated neither characterized, but an unresolved X-
ray diffraction study, due to poor quality crystals, showed the presence of a lithium 
atom in the crystal structure. 
Other minor systems of doublets at 311, 322, 335, 338 and 350 ppm for λ3σ2-P 
atoms and at 61, 72, 77, 78 and 87 ppm for λ5σ3-P atoms with similar 2JPP of around 80 
Hz were also found. 
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Figure 4.4.31P NMR spectrum of the reaction mixture of 13 with t-BuLi 
 
Another attempt to obtain the cumulated double bond was the action of metals on 
derivative 13. Magnesium, potassium and potassium graphite were used. For the first 
two, no reaction was noticed while in the case of potassium graphite an unidentified 
compound was formed. The reaction was performed at room temperature and gave a 
minor product that displays 2 doublets in the 31P NMR spectra, proving the presence of 
P=C-P(S) skeleton (δ = 204.0 ppm, 2JPP = 41.1 Hz, λ3σ2-P atom; δ = 104.0 ppm, 2JPP = 
41.1 Hz, λ5σ4-P atom). Unfortunately, it has been impossible to obtain single crystals of 
this derivative suitable for an X-ray diffraction study. 
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Figure 4.5. 31P NMR spectrum of the reaction mixture of 13 with KC8. 
 
The 13C NMR spectra did not give the expected doublet of doublets in 200-220 
ppm area; therefore we concluded that the diphosphaallene was not formed. All 
attempts to separate the newly formed derivative from 13 and to fully characterize the 
obtained compound have failed.  
 
The results obtained by reaction of 13 with tert-butyllithium and KC8 need some 
comments. In the two cases, we observed a coupling between the two phosphorus atoms 
proving that we still have the Mes*P=C-P(S)t-Bu unit. However, although the chemical 
shift of the λ5σ4 phosphorus atom is about the same (110.3 for 13, 94.4 ppm for the 
derivative obtained by reaction with t-BuLi and 104.0 ppm in the case of KC8), a great 
difference is observed for that of the λ3σ2 phosphorus (341.4 in 13, 303.1 ppm for the 
derivative obtained by reaction with t-BuLi and 204.0 ppm in the case of KC8) and for 
the 2JPP coupling constant (2JPP = 97.2 Hz for 13, 83.7 Hz for the derivative obtained by 
reaction with t-BuLi and 41.1 Hz in the case of KC8). 
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Scheme 4.8 
 
In the expected diphosphaallene Mes*P=C=P(S)t-Bu, the 31P chemical shift for 
the λ5σ3-P atom should be around 120 ppm as in Mes*P=C=P(O)Mes* (117.3 ppm) 
previously prepared. [4] 
The chemical shift of the λ3σ2-P atom and the 2JPP coupling constant of the 
compound obtained using t-BuLi are very close to those of the starting 13. Thus, the 
compound obtained has a structure probably similar to that of 13. 
By contrast, the data of the compound obtained using KC8, are relatively close to 
those of Mes*P=C=P(O)Mes* and very different from those of the starting 13: δ 31P of 
the λ3σ2-P atom at 204.0 ppm instead of 350 ppm and a small 2JPP coupling constant 
(41.1 Hz) rather characteristic of a P=C=P(S) linkage. Thus, it seems that the compound 
obtained with KC8 presents some allenic character and it seems possible to write such 
structures: 
 
Scheme 4.9 
 
Studies to elucidate the real structures of these derivatives need more 
investigations. 
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4.2.2. Synthesis of mesityl substituted diphosphapropenes 
 
 
Mesityl substituted diphosphapropene 15 has been successfully obtained through 
the coupling reaction of phosphavinyllithium 3’ with mesityldichlorophosphine. 
 
 
Scheme 4.10 
 
Diphosphapropene 15 was obtained as a mixture of two isomers in an 80/20 ratio. 
A complete separation of these two isomers from some minor by-products was 
impossible. Attempts to obtain one of the isomers in a pure rate were also unsuccessful. 
It was thus impossible to obtain the 1H and 13C spectral data for derivative 15.  
Due to this problem and to the small difference in 2JPP coupling constant (~7 Hz) 
the assignment Z/E could not be achieved. 
It is interesting to note a great difference in the 2JPP coupling constant between the 
tert-butyl and mesityl substituted derivatives. 
 
Scheme 4.11 
 
 Besides the opposite electronic effect between t-Bu (donor effect) and Mes 
(attracting effect), this difference of coupling constants is probably mainly due to 
completely different orientation of the lone pair. 
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Figure 4.6. 31P NMR spectrum of compound 15. 
 
Diphosphapropene 15 is sensitive to air and moisture giving oxidation products 
while we attempted to obtain crystals suitable for an X-ray diffraction study.  
Contrary to the case of the t-Bu substituted derivative, the best route to oxidized 
mesityl substituted products was the reaction between the mesityldichlorophosphine 
oxide and the phosphacarbenoid Mes*P=C(X)Li. The two derivatives 17 with chlorine 
on the central carbon atom and 18 with bromine have been prepared. 
 
 
Scheme 4.12 
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The 31P NMR spectrum of derivative 17 shows two doublets, at 305.5 ppm, in the 
expected zone for a P=C phosphorus atom and at 38.05 ppm for the P=O atom. The 
high 2JPP coupling constant of 128.4 Hz proves the Z configuration of the compound. 
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Figure 4.7. 31P NMR spectrum of derivative 17. 
 
Bromodiphosphapropene 18 was obtained mixed with the starting compounds and 
was separated by selective recrystallization in toluene. The resonance signals observed 
in the 31P NMR spectra were expected for such a derivative. A slightly low-field shift is 
noticed when compared to compound 17 (325 ppm for the P=CBr compared to 305.5 in 
P=CCl) due to the presence of the bromine atom. 
 
The mesityldiphosphapropenes 17 and 18 have been tested for the preparation of 
the cumulated double bonds. However, lithiated reagents (n-BuLi and t-BuLi) did not 
react with this series of derivatives. 
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4.3. Coordination behavior of dichlorodiphosphapropenes  
 
Since all the attempts to obtain the cumulated double bonds from 
diphosphapropene derivatives have failed, another approach has been undertaken, 
namely the coordination of P-C=P skeleton to a transition metal in order to obtain a 
complex which could loose the chlorine atoms in the presence of an organolithium 
reagent to give diphosphaallenes complexed by a transition metal. 
Monocoordinate complexes of I with W(CO)5 and chelates with W(CO)4 (see 
Scheme 4.13) were obtained and characterized for the systems with R1R2 = Ph2 and X = 
Cl [5], Me [6], SiMe3 [7]. Pt(II) and Pd(II) complexes with ligands bearing Me [6] or 
SiMe3 [7] at the carbon atom of I have been tested for their catalytic activity in 
Sonogashira and Suzuki reactions and showed some encouraging results [6,7]. It is 
interesting to note that no platinum or palladium complexes of Mes*P=C(Cl)-PPh2 have 
been reported [8,9]. 
 
 
Scheme 4.13 
 
The choice of the substituents on phosphorus is important in terms of steric and 
electronic effects, since both influence the stability and reactivity of diphosphapropenes. 
Various families of complexes could been obtained: η1 on one or two phosphorus 
atoms or η2 on one P=C double bond; a bidentate complex could also be obtained or 
both η1 and η2 complexes from 11 and 15. 
Similar types of complexes could also be obtained from compounds 12, 13, 17 and 
18.  
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Scheme 4.14 
 
The presence of a chlorine atom on the central sp2 carbon atom, as in the case of 
the Yoshifuji ligand Mes*P=C(Cl)-PPh2, is of course interesting as well as the chlorine 
on the  
λ
5
σ
3
-phosphorus atom because they can be easily substituted and should give access to a 
large family of diphosphapropene-type ligands. 
Such ligands with different substituents on the phosphorus atoms and two chlorine 
atoms in vicinal positions (one on the phosphorus atom and another on the central sp2 
carbon atom) provide supplementary reaction centres and thus modify the properties 
and probably might tune the catalytic activity of such systems. 
Complexes with tungsten and palladium were synthesized starting from 
diphosphapropenes Mes*P=C(Cl)-P(Cl)t-Bu 11 and Mes*P=C(Cl)-P(Cl)(S)t-Bu 13.  
The tungsten complex 19 was obtained by addition at room temperature the 
diphosphapropene sulfide 13 to a solution of W(CO)5(THF) (Scheme 4.15).  
 
 
Scheme 4.15 
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After 2 hours, the 31P NMR spectrum showed the nearly quantitative formation of 
the bidentate complex 19. The latter displays 31P NMR chemical shifts (340.1 ppm for 
P=C and 119.8 ppm for P=S) very similar to those of the starting 13 (341.4 and 110.3 
ppm respectively) with a 2JPP coupling constant of 116.0 Hz.  
The large 1JPW coupling constant (303.3 Hz) proves the η1-mode of coordination 
on the former λ3σ2 phosphorus atom. Four doublets of doublets (coupling with the two 
nonequivalent phosphorus atoms) were observed for the CO groups in the 13C NMR 
spectrum.  
The IR spectrum recorded in Nujol exhibits the characteristic pattern for a 
L2W(CO)4 moiety with four CO stretching bands in the 1850-2050 cm-1 region [10]. 
Monitoring the reaction by 31P NMR between -20 °C and room temperature did 
not allow characterizing any intermediate such as a monodentate compound (S or P 
coordinated to W). 
 
Figure 4.8. X-ray structure representation of 19. Selected geometrical parameters (bond 
lengths given in Å and angles given in °): W1-P1 2.434(1), W1-S1 2.576(1), P1-C1 
1.678(5), P1-C2 1.838(4), C1-Cl1 1.735(4), C1-P2 1.786(4), P2-C20 1.858(5), P2-S1 
1.9840(18), P2-Cl2 2.034(2), P1-W1-S1 82.39(4), C1-P1-C2 103.3(2), C1-P1-W1 
116.40(16), C2-P1-W1 140.23(15), P1-C1-Cl1 125.6(3), P1-C1-P2 117.3(2), Cl1-C1-P2 
116.7(3), C1-P2-C20 115.9(2), C1-P2-S1 109.75(16), C20-P2-S1 110.33(18), C1-P2-
Cl2 104.05(17), C20-P2-Cl2 103.81(19), S1-P2-Cl2 112.78(9). 
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BP86/DZP calculations using ADF2008 package of programs [11, 12, 13] 
predicted that the bidentate derivative 19M (where the supermesityl group has been 
replaced by a mesityl group)  is more stable than any of the monodentate (through 
sulphur 19M_S or phosphorus 19M_P) one by at least 36 kcal/mol which is in line with 
the experimental observation of only chelate 19.  
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Table 4.1.  Binding energies/relative energies (kcal/mol) calculated for 
diphosphapropene complexes. 
 
 
19M_P  -38.31 
+36.19 
19M_S  -28.84 
+45.66 
 
19M  -74.50 
0.0 
 
 
P2 
P1 
C2 
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W 
P2 
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When 11 and 13 were allowed to react with PdCl2(COD) [14], complexes 20 and 
21 were obtained (Scheme 4.16) as proved by the dramatic high field shifts observed for 
the coordinating phosphorus atom from 317.6 ppm (for 11) to 8.6 ppm (for 20) and 
from 341.4 ppm (for 13) to 69.9 ppm (for 21).  
P C PMes* t-Bu
Cl Cl
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C P
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Scheme 4.16 
 
The 2JPP coupling constants decrease also from 345.0 Hz to 11.9 Hz (11 to 20) and 
from 97.2 Hz to 28.1 Hz (13 to 21). These changes are indicative of the transformation 
of the P=C double bond to a P-C single bond.[15,16]  
Furthermore, the presence of two nonequivalent protons (multiplet at 2.72-2.97 for 
21) on the carbon atom bonded to phosphorus suggests the presence of a five  
membered-ring formed by the addition of a C-H bond from an o-t-Bu of the Mes* group 
to the P=C bond. The signal of a rather acidic proton is also noticed (doublet at 5.98 
ppm for 21) corresponding to the P-C(H)-P proton. 
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Figure 4.9. 1H NMR spectrum of complex 21.
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In general, such type of cyclization involving a supermesityl group linked directly 
to double bonded heteroatoms has been observed in various systems only in the 
presence of a metal, [17, 18, 19] under irradiation or in the presence of a protic reagent. 
[20, 21, 22, 23] When the Mes* group is bonded to a λ3σ3 phosphorus atom, such 
reactions occur only in the presence of Pt as catalyst. [9] 
 
Scheme 4.17 
 
Complexes 20 and 21 are the first examples of such rearrangement observed at a 
λ3σ2 phosphorus atom on coordination at palladium (Figure 4.10, Figure 4.11). 
  
 
Figure 4.10. X-ray structure representation of 20. Selected geometrical parameters 
(bond lengths given in Å and angles given in °): C1-P1 1.820(6), C18-P1 1.807(7), C19-
Cl4 1.764(6), C19-P2 1.842(6), C19-P1 1.845(6), C20-P2 1.845(7), Cl3-P2 2.002(2), 
P1-Pd1 2.244 (2), P2-Pd1 2.207(2), C6-C1-P1 105.9(4), C2-C1-P1 132.9(5), P2-C19-P1 
93.0(3), C18-P1-Pd1 114.9(3), C1-P1-Pd1 129.7(2), C19-P1-Pd1 92.3(2), C19-P2-Pd1 
93.5(2), C20-P2-Pd1 125.2(2), Cl3-P2-Pd1 113.83(10), P2-Pd1-P1 73.82(6). 
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Figure 4.11. X-ray structure representation of 21. Selected geometrical parameters 
(bond lengths given in Å and angles given in °): P1-C1 1.8742, P2-C1 1.8242, P2-S1 
1.9814, S1-Pd1 2.3026, Pd1-P1 2.2298, C1-Cl3 1.7693, Cl4-P2 2.0061(1), Cl2-Pd1 
2.3520, Cl1-Pd1 2.3086, C9-P1 1.8065, C2-P1 1.8019, C20-P2 1.8293, C1-P1-C2 
106.51, P1-C1-P2 109.86, P1-Pd1-Cl1 86.19, Cl1-Pd1-Cl2 93.73, Cl2-Pd1-S1 85.69, 
S1-Pd1-P1 94.52, S1-P2-C1 106.97, Pd1-S1-P2 104.05, Pd1-P1-C1 108.47, P1-C1-Cl3 
113.51, Pd1-P1-C9 111.15, C2-P1-C9 96.75, Cl4-P2-C1 105.17, Cl4-P2-S1 112.68.  
 
Single crystals of 19, 20 and 21 have been subjected to X-ray diffraction analysis 
and the corresponding molecular structures are shown in Figure 4.8, Figure 4.10 and 
Figure 4.11. These data confirm the preservation of the Z-configuration of the P=C bond 
in all cases. In 20, the Pd atom is chelated by the two phosphorus atoms of the 
diphosphapropene, whereas in 19 and 21 the ligand is chelating through the λ3σ3 
phosphorus and the sulfur atoms. 
A common feature in these systems is that the P=C bond length is only slightly 
modified on going from the free ligand (P=C 1.681(2) Å in 13) to the complexed ligand 
(P=C 1.678(1) Å in 21) which means that coordination to the metal does not change the 
P=C double bond character.  
The P1-W1 bond length (2.434(1) Å) is similar to those previously observed in 
related derivatives; [24] the same applies also for the S1-W1 distance (2.576(1) Å). [25] 
Despite the steric hindrance on the λ3σ2 phosphorus atom, a CO group is easily 
eliminated to give 19 with 13 acting as bidentate ligand. The W1-P1-C1-P2-S1 ring in 
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compound 19 presents an envelope structure with the W1-P1-C1 and P2 atoms nearly in 
the same plane.  
In 20 and 21, the Pd atom is in a planar environment; the P1-Pd-P2-C19  
four-membered ring in 20 is non planar, with a P-C-P/P-Pd-P dihedral angle of 28.1o 
and the S1-Pd-P1-C1 torsion angle of the metallacycle in 21 of 7.3o.  
In the crystalline structure of derivative 20, H···Cl contacts of 2.703 and 2.823 Å 
(compared to 2.95 Å for the sum of the van der Waals radii) [26] are noticed between 
the chlorine atoms bound to Pd and the hydrogen H24 of an adjacent chloroform 
molecule (Figure 4.12). Two such units are further connected through other H···Cl 
interactions (2.907Å) between H18B of the phosphole ring and one of the chlorine (Cl2) 
atoms on palladium (Figure 4.12).  
 
 
Figure 4.12. Short H···Cl contacts in the crystalline structure of 20 (for clarity, only 
selected hydrogen atoms are shown). 
4.4. Preliminary studies of biological and catalytical activity 
 
A preliminary study concerning the biological activity of derivative 21 has been 
carried out. Analysis of UV-Vis spectra shows that PdCl2[CyP-C(H)(Cl)-P(S)(Cl)t-Bu] 
influences the deoxi structure of haemoglobin. By analogy with complexes of cisplatine 
2.703 Å 
2.703 Å 
2.907 Å 
2.907 Å 
2.823 Å 
2.823 Å 
H24 
H24 
Cl2 
Cl1 
Cl2 
Cl1 
H18B 
H18B 
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family, commonly used as anticancer drugs, it is expected that the interaction of 21 with 
haemoglobin involves cysteine 93. Moreover, the palladium dicoordinate derivative 21 
fully inhibits the peroxidase activity of cytochrome c.  
Under conditions in which interaction peroxide-cytochrome c is very important for 
apoptosis and implicitly cancer, and given that cisplatine inhibits only partially the 
peroxidase activity of cytochrome c, it is expected that the regulators of apoptosis of the 
complex 21 investigated, and its potential therapeutic activity, would be even more 
efficient that than of cisplatin. 
 
In order to determine the catalytic activity of 21, the following coupling Suzuki-
type reaction was performed: 
 
 
 
Scheme 4.18 
 
To a mixture of iodobenzene (1 g, 4.9 mmol) and phenylboronic acid (600 mg, 
4.9 mmol) in 10 ml of tetrahydrofurane, several crystals of KCO3 were added. 129 mg 
of  catalyst 21 (4 mol %) were added to the mixture. The latter was heated under reflux 
for 20 hours. A 1H NMR spectrum showed a small catalytic activity of 21, the reaction 
taking place with a low efficiency (conversion of about 5%). This study is still in 
progress. 
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4.5. Synthesis and characterization of a diphosphabutadiene 
bearing a  -P(X)-C(X)=P(R)=C<skeleton 
 
After the synthesis of some dichlorodiphosphapropenes, potential precursors of 
the corresponding diphosphaallenes, I would like to present some preliminary results 
about the synthesis of a 1,2-dihalogeno-1,3-diphosphabuta-2,3-diene A, which could 
afford a new type of diphosphacumulene B with 3 C=P double bonds. 
 
 
Scheme 4.19 
 
We planned the same type of synthesis as that for the diphosphapropenes 
previously obtained, namely a reaction of dehalogenation from a compound of type A. 
For the λ3σ2 phosphorus atom, we chose a t-Bu group, which was very effective to 
stabilize compound 11. 
The experimental process to prepare precursors of type A such as 25 is presented 
below: 
 
Scheme 4.20 
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The addition of chlorotrimethylsilane to the lithium derivative obtained from 5 
gave trimethylsilylphosphaalkene 22 in a good yield. A second lithiation followed by 
addition of a molar equivalent of chlorotrimethylsilane gave 
bis(trimethylsilyl)phosphaalkene 23 as yellow crystals. 
24 was prepared from 23, in a very good yield (98 %) by a modified version of 
Niecke’s method. [27] The addition of a solution of tert-butyldichlorophosphine 9 to the 
lithiated intermediate 24’, gave cumulene 25 as a yellow solid [28]. 
The 31P NMR spectra of 25 shows signals at the expected chemical shift for λ5σ3 
phosphorus atom (166 ppm) and for the λ3σ3 phosphorus atom (112.0 ppm, 3JPH = 13.4 
Hz) [29]. 
 
Figure 4.13. 31P NMR spectrum of compound 25. 
 
In the 1H NMR of 25, the two unequivalent Me3Si groups give two singlets with a 
∆δ of 0.55 ppm (-0.16 and 0.39 ppm). This is due to the fact that one Me3Si group is 
placed in front of the Mes* group while the other one faces the C(Cl)=P(Cl)t-Bu 
fragment. It is also interesting to note that a hindered rotation is observed for the Mes* 
group as proved by the presence of two o-t-Bu groups. Moreover, due to their special 
position, one gives a singlet whereas the other one resonates as a doublet by coupling 
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with the λ5σ3 phosphorus atom. Due to this hindered rotation, the two aromatic H are 
also unequivalent and give, as expected, two doublets of doublets due to 4JPH and 4JHH 
couplings. 
The derivative 25 has been tested in a reaction with a  
tert-butyllithium in order to obtain the diphosphacumulene system but the reaction only 
led to unidentified products. 
 
 
Scheme 4.21 
  
  
 New attempts must be made by changing the reaction conditions (temperature, 
solvent, lithium compound). 
 
 
In conclusion, we have synthesized new dichlorodiphosphapropenes with 2 
different phosphorus atoms, λ3σ2 and λ5σ4. A great difference of chemical behavior is 
observed with dichlorodiphosphapropenes –P=C(Cl)-P(Cl)R possessing  λ3σ2 and λ3σ3-
P atoms. The latter are excellent precursors of diphosphaallenes –P=C=P– by a 
dehalogenation reaction with a lithium compound whereas dichlorodiphosphapropenes 
–P=C(Cl)-P(E)(Cl)R do not lead to the corresponding diphosphaallenes.   
Such dichlorodiphosphapropenes appear as excellent bidentate ligands with Pd 
and W complexes. The biological activity of one of them seems promising and should 
be studied in more detail. 
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4.6. Experimental section 
 
 
General considerations 
 
All experiments were carried out in flame-dried glassware under argon 
atmosphere using high-vacuum-line techniques. Solvents were dried and freshly 
purified using an SPS-5MB system. NMR spectra were recorded (with CDCl3 or C6D6 
as solvents, or, in the case of 31P from the crude reaction mixture) on a Bruker Avance 
300 spectrometer at the following frequencies: 1H, 300.13 MHz; 13C, 75.47 MHz 
(reference TMS); 31P, (121.51 MHz) (reference 85% H3PO4) at room temperature.  
Melting points were determined on a Wild Leitz-Biomed apparatus. Mass spectra 
were obtained on a Hewlett-Packard 5989A spectrometer by EI at 70 eV and on a 
Nermag R10-10 spectrometer by CI. The molecular peaks and all the fragments 
correspond to 35Cl.  
 
X-ray structure determinations   
 
Data for structures 13, 19 and 21 were collected at low temperatures by using an 
oil-coated shock-cooled crystal on a Bruker-AXS APEX II with MoKα radiation (λ = 
0.71073 Å). Compound 20 was measured at room temperature on a Bruker-SMART 
APEX system. The structures were solved by direct methods [30] and all non hydrogen 
atoms were refined anisotropically by using the least-squares method on F2. [31] 
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Table 4.2. Structural refinement data for 13, 19, 20 and 21. 
 13 19 20 21 
Empirical formula C23H38Cl2P2S C27H38Cl2O4P2SW C23H38Cl4P2Pd*2CHCl3 C25H42Cl8P2PdS 
Formula weight 479.43 775.32 863.40 826.59 
Temperature (K) 173(2) 173(2) 297(2) 193(2) 
Crystal system Monoclinic Monoclinic Triclinic Monoclinic 
Space group P21/n P21/n P1 C2/c 
a (Å) 13.7029(8) 13.7459(3) 11.297(3) 35.9682(10) 
b (Å) 8.9466(5) 15.7079(3) 13.295(4) 10.7323(3) 
c (Å) 21.7961(13) 14.6872(3) 14.647(4) 20.1577(5) 
α (°) - - 65.584(4) - 
β (°) 92.778(10) 93.820(1) 85.517(5) 108.248(2) 
γ (°) - - 71.068(5) - 
Volume (Å3) 2668.9(3) 3164.20(11) 1890.8(10) 7390.0(3) 
Z 4 4 2 8 
Absorption coefficient 
(mm-1) 
0.449  4.016 1.298 1.239 
Reflections collected 15185 29076 18286 39842 
Independent reflections 5453 [R(int) = 
0.0228] 
6418 [R(int) = 
0.0704] 
6631 [R(int) =0.0497] 6240 [R(int) =0.0912] 
Absorption correction Multi-scans Multi-scans Multi-scans Multi-scans 
Min./max. transmission 1.0000 and 
0.821127 
0.6895 and 0.2386 0.9646 and 0.6666 0.9406 and 0.7074 
restraints / parameters 84 / 315 159 / 398 0 / 411 212 / 469 
Goodness-of-fit on F2 1.011 1.011 1.135 1.031 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0341  
wR2 =0.0843 
R1 = 0.0326 
wR2 = 0.0658 
R1 = 0.0730 
wR2 = 0.1486 
R1 = 0.0616 
wR2 = 0.1468 
R indices (all data) R1 = 0.0483 
wR2 =0.0934 
R1 = 0.0595 
wR2 = 0.0755 
R1 = 0.0938 
wR2 = 0.1569 
R1 = 0.1054 
wR2 = 0.1736 
Largest diff. peak and hole 
(e.Å-3) 
0.380 and -0.203 0.909 and -1.516 0.962 and -0.983 1.309 and -0.650 
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Synthesis of tert-butyldichlorophosphine 9 [1] 
 
The organomagnesium reagent was obtained by the addition of 25 ml of t-BuCl 
(0.37 moles) to a suspension of Mg (9.7 g, 0.4 mole) in diethyl ether. After an hour of 
reflux all the Mg had reacted and the resulting dark grey solution was transferred 
dropwise to a cold solution of PCl3 (26.41 ml, 0.41 mole) in ether (-20°C). Magnesium 
salts were eliminated by filtration and the pure t-BuPCl2 was obtained as a waxy white 
solid through distillation under reduced pressure (29.2 g, 48 %, Bp = 60°C at 30 mm 
Hg). 
 
31P NMR (CDCl3)  
δ = 199.0 ppm, decuplet, 3JPH = 15.0 Hz 
 
1H NMR (CDCl3)  
δ = 1.23 ppm, d, 3JPH = 15.0 Hz. 
 
 
Synthesis of MesPCl2 10 [5]  
 
Mesityl bromide (19.9 g, 0.1 mole) diluted in 250 ml of THF was added dropwise 
to a suspension of Mg (2.5 g 0.103 mole) in THF. The reaction undergoes under reflux, 
with the formation of a grey-dark blurry solution. The reaction mixture was refluxed for 
an additional 30 minutes, until the complete consumption of Mg. The Grignard reagent 
was transferred dropwise to PCl3 (15.75 g, 0.115 mole) in pentane (300 ml) at -80°C, 
with the formation of a white precipitate of Mg salts. After removal of Mg salts by 
filtration and removal of volatile products under reduced pressure, the yellow blurry oil 
was distilled under vacuum. The colorless oil boiling at 90-96°C (7.5 mm Hg) was 
collected giving on standing a waxy white solid of MesPCl2 mixed with small amounts 
of MesPBrCl and MesPBr2 (15.9 g, 72%). 
 
31P NMR (CDCl3)  
δ = 153.3 ppm. 
Chapter 4. Synthesis and coordination  properties of new 1,3-diphosphapropenes 
 
 151 
 
Synthesis of Mes*P=C(Cl)-P(Cl)t-Bu 11 
 
A solution of nBuLi 1.6 M in hexane (3.6 ml, 5.56 mmol) was added dropwise, at  
-80 °C, to a colorless solution of Mes*P=CCl2 (2.00 g, 5.56 mmol) in THF (20 ml). The 
solution turned brown and was stirred at this temperature for an hour. The lithium 
compound Mes*P=C(Cl)Li was then added to tert-butyldichlorophosphine t-BuPCl2 
(0.88 g, 5.56 mmol) in THF (20 ml) cooled to -80 °C. The reaction mixture was stirred 
for 20 minutes and warmed up to room temperature. Solvents and volatile products were 
removed in vacuo and the residue was dissolved in pentane (20 ml). Lithium salts were 
filtered out; brown crystals were obtained after 4-5 hours at -20°C (1.87 g, 75 %, mp 90 
- 100 °C). 
 
31P NMR (CDCl3)  
δ  = 116.5 (d of decuplet, 2JPP = 345.0 Hz, 3JPH = 14.7 Hz, p-t-Bu) ,  317.6 (d, 2JPP 
= 345.0 Hz, P-Mes*) ppm 
 
1H NMR (CDCl3)  
δ = 1.14 (dd, 3JPH = 14.7 Hz, 5JPH = 0.6 Hz, 9H, p-t-Bu), 1.23 (s, 9H, p-t-Bu), 1.36 
and 1.37 (2s, 2 x 9H, o-t-Bu), 7.30 – 7.34 (m, 2H, arom H) ppm.  
 
13C NMR (CDCl3)  
δ = 26.41 (d, 2JCP = 18.6 Hz, Me3C-P), 33.75 (p-CMe3), 32.80 (d, 4JCP = 6.6 Hz) 
and 32.93 (d, 4JCP = 6.6 Hz, o-CMe3), 37.57 (p-CMe3), 37.70 (dd, 1JCP = 34.5 Hz, 3JCP = 
16.7 Hz, Me3C-P), 37.87 and 38.02 (o-CMe3), 122.10 and 122.45 (m-CH), 134.81 (dd, 
1JCP = 64.1 Hz, 3JCP = 32.5 Hz, ipso-C), 151.21 (p-C), 152.79 (d, 2JCP = 2.3 Hz) and 
152.82 (d, 
 
2JCP = 2.8 Hz, o-C), 168.4 (dd, 1JCP = 81.8 and 72.5 Hz, P=C-P) ppm. 
 
MS (CI/NH3, m/z, %): 447 (M + 1, 3), 411 (M – Cl, 1) 389 (M – t-Bu, 25), 333 
(M – 2t-Bu + 1, 10), 57 (t-Bu, 100). 
 
Anal. Calc. for C23H38Cl2P2: C 51.75; H 8.56. Found: C 51.87; H 8.47%. 
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Synthesis of Mes*P=C(Cl)-P(O)(Cl)t-Bu 12 
 
To a solution of 11 (1.80 g, 4.02 mmol) in toluene (50 ml), dimethyl sulfoxide 
(0.62 g, 8.00 mmol) was added at room temperature. The reaction mixture was refluxed 
for 2 hours in toluene, giving the Mes*P=C(Cl)-PO(Cl)t-Bu compound. After removal 
of excess of DMSO and of the solvent, diphosphapropene 12 was separated as a yellow 
oil from starting 11. Recrystallization from pentane (20 ml) afforded 1.21 g (65 %) of 
12  
(mp 145 – 147 °C). 
 
31P NMR (CDCl3) 
δ = 65.5 (d of decuplet, 2JPP = 75.2 Hz, 3JPH = 19.5 Hz, t-Bu-P(O)), 336.7 (d, 2JPP = 
75.2 Hz, Mes*-P=C) ppm. 
 
1H NMR (CDCl3)  
δ = 1.34 (s, 9H, p-t-Bu), 1.39 (d, 9H, 3JPH = 19.5 Hz, p-t-Bu), 1.48 (s, 18H, o-t-
Bu), 7.45 and 7.46 (2t, 4JHH = 4JPH = 1.5 Hz, 2 x 1H, arom H) ppm. 
 
13C NMR (CDCl3)  
δ = 25.22 (Me3CP=O), 31.22 (p-Me3C), 32.93 (d, 4JCP = 7.2 Hz) and 33.00 (d, 4JCP 
= 6.9 Hz, o-Me3C), 31.56 (p-Me3C), 37.70 and 37.93 (o-Me3C), 40.74 (d, 1JCP = 77.7 
Hz, Me3CP=O), 122.46 and 122.88 (m-C), 132.50 (dd, 1JCP = 61.3 Hz, 3JPC = 10.9 Hz, 
ipso-C), 151.77 (p-C), 153.56 (d, 2JCP = 2.7 Hz) and 153.68 (d, 2JCP = 3.1 Hz, o-C) ppm. 
 
MS (EI, 70 eV, m/z, %): 463 (M + 1, 1), 447 (M – O, 3), 405 (M – t-Bu, 1), 371  
(M – t-Bu – Cl + 1, 1), 57 (t-Bu, 100). 
 
Anal. Calc. for C23H38Cl2OP2: C 59.61; H 8.27. Found: C 59.84; H 7.89%. 
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Synthesis of Mes*P=C(Cl)-P(S)(Cl)t-Bu 13 
 
To a solution of 1 (2.71 g, 6.05 mmol) in toluene (50 ml), sulfur (3.00 g, 11.7 
mmol) was added at room temperature. The reaction mixture was refluxed for 4 hours in 
toluene, giving the Mes*P=C(Cl)-P(S)(Cl)t-Bu compound with a 100% conversion 
according to 31P NMR spectroscopy. After removal of excess of sulfur by filtration, 
toluene was evaporated in vacuo and the residue was dissolved in pentane; 
diphosphapropene 13 crystallized at room temperature (2.49 g, 86 %, mp 153 °C). 
 
31P NMR (CDCl3)   
δ = 110.3 (d of decuplet, 2JPP = 97.2 Hz, 3JPH = 21.0 Hz, t-Bu-P=S), 341.4 (d, 2JPP 
= 97.2 Hz, Mes*-P=C) ppm. 
 
1H NMR (CDCl3)  
δ = 1.34 (s, 9H, p-t-Bu), 1.48 and 1.49 (2s, 2 x 9H, o-t-Bu), 1.45 (d, 9H, 3JPH = 
21.0 Hz,  
P-t-Bu), 7.45 and 7.47 (2t, 4JHH = 4JPH = 1.5 Hz, 2 x 1H, arom H) ppm. 
 
13C NMR (CDCl3)  
δ = 25.91 (d, 2JCP = 2.2 Hz, Me3CP=S), 31.25 (p-Me3C), 33.02 (d, 4JCP = 6.7 Hz) 
and 33.41 (d, 4JCP = 6.9 Hz, o-Me3C), 35.04 (p-Me3C), 37.73 and 37.96 (o-Me3C), 44.77 
(dd, 
 
1JCP = 53.0 Hz, 3JCP = 1.5 Hz, Me3CP=S), 122.45 and 122.96 (m-C), 134.20 (dd, 1JCP = 
63.5 Hz, 3JCP = 12.5 Hz, ipso-C), 151.60 (p-C), 153.24 (d, 2JCP = 2.9 Hz) and 153.52 (d,  
2JCP = 3.5 Hz, o-C), 156.37 (dd, 1JCP = 84.3 and 50.9 Hz, P=C-P) ppm. 
 
MS (EI, 70 eV, m/z, %): 478 (M, 3), 421 (M – t-Bu, 10), 389 (M – t-Bu – S, 1), 
355  
(M – S – t-Bu – Cl + 1, 1), 329 (M – 2t-Bu – Cl, 1), 57 (t-Bu, 100). 
 
Anal. Calc. for C23H38Cl2P2S: C 57.62; H 7.99. Found: C 57.59; H 8.17%. 
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Synthesis of tert-butyldichlorophosphine oxide 14 [32] 
 
Tert-butyl chloride (46.2 g, 54.35 ml, 500 mmol) was added to a mixture of 
AlCl3 (33.3 g, 250 mmol) and PCl3 (34.5 g, 250 mmol) while maintaining the 
temperature between 10 and 15°C. The formation of an insoluble white complex was 
noticed. After the reaction was complete the volatile products were eliminated in vacuo. 
150 ml of CH2Cl2 were added to the residue giving a suspension that was treated at -
10°C with an aqueous solution of HCl (37%, 57 ml, 24.8 g). The hydrolysis reaction 
was performed dropwise maintaining the temperature under 0°C. After the separation, 
the organic phase was dried on MgSO4. The removal of volatiles in vacuo followed by 
the sublimation of the residue yieldedt-BuP(O)Cl2 as a white solid (10.3 g, 23%). 
 
 
31P NMR (CDCl3)  
δ = 68.4 ppm (decuplet, 3JPH = 25.0 Hz)  
 
1H NMR (CDCl3)  
δ = 1.38 ppm (d, 3JPH = 25.0 Hz) 
 
 
Synthesis of Mes*P=C(Cl)-P(Cl)Mes 15 
 
A solution of nBuLi 1.6 M in hexane (4.4 ml, 7.04 mmol) was added dropwise, at  
-80 °C, to a solution of Mes*P=CCl2 (2.42 g, 6.7 mmol) in THF (20 ml). The solution 
turned brown and was stirred at this temperature for an additional hour. The lithium 
derivative Mes*P=C(Cl)Li was then added to the mesityldichlorophosphine MesPCl2 
(1.49 g, 6.7 mmol) in THF (20 ml) cooled to -80 °C. The reaction mixture was stirred 
for one hour and warmed up to room temperature. Solvents and volatile products were 
removed in vacuo and the residue was dissolved in pentane (20 ml). After filtration of 
lithium salts and removal of solvent, a mixture of Z/E isomers of Mes*P=C(Cl)-
P(Cl)Mes was obtained as a dark brown solid. 
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31P NMR (CDCl3)  
80% δ = 84.2 (d, 2JPP = 114.4 Hz, P-Mes), 278.7 (d, 2JPP = 114.4 Hz, P-Mes*) 
ppm.  
20% δ =73.2 (d, 2JPP = 108.0 Hz, P-Mes),  280.7 (d, 2JPP = 108.0 Hz, P-Mes*) 
ppm. 
 
 
Synthesis of mesityldichlorophosphine oxide 16 [33] 
 
An excess of SO2Cl2 (5.8 g, 43.02 mmol) was added to a solution of MesPCl2 (7.3 
g, 33.03 mmol) dissolved in CCl4 at low temperature (-10°C). A yellow solution was 
observed which on heating to room temperature became reddish. After removal of all 
volatiles under reduced pressure the pure dichlorophosphine oxide was obtained as a 
yellow waxy solid (7.36 g, 94 %). 
 
31P NMR (CDCl3)  
δ = 33.0 ppm. 
 
 
Synthesis of Mes*P=C(Cl)-P(O)(Cl)Mes 17 
 
A solution of nBuLi 1.6 M in hexane (3.6 ml, 5.76 mmol) was added dropwise, at  
-80 °C, to a solution of Mes*P=CCl2 (1.97 g, 5.48 mmol) in THF (20 ml). The solution 
turned brown and was stirred at this temperature for an additional hour. The lithium 
compound Mes*P=C(Cl)Li was then added to MesP(O)Cl2 (1.30 g, 5.48 mmol) in THF 
(20 ml) cooled to -80 °C. The reaction mixture was stirred for 4 hours and warmed up to 
room temperature. Solvents and volatile products were removed in vacuo and the 
residue was dissolved into pentane (20 ml). Lithium salts were filtered out; compound 
17 crystallized as an orange solid after 4-5 hours at -4 °C (1.78 g, 61 %, mp 104°C). 
 
31P NMR (CDCl3)  
δ = 38.0 (d, 2JPP = 128.4 Hz, P=O), 325.5 (d, 2JPP = 128.4 Hz, P-Mes*) ppm. 
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1H NMR (CDCl3)  
δ = 1.32 (s, 9H, p-t-Bu), 1.43 (d, 3JPH = 2.1 Hz, 18H, o-t-Bu), 2.32 (s, 3H, p-Me), 
2.72 (s, 6H, o-Me), 6.96 (d, 4JPH = 5.4 Hz, 2H, arom H of Mes), 7.45 (d, 4JPH = 1.2 Hz, 
2H, arom H of Mes*) ppm.  
 
13C NMR (CDCl3)  
δ = 21.13 (d, 5JCP = 1.6 Hz, p-Me of Mes), 24.36 (d, 3JCP = 2.6 Hz, o-Me of Mes), 
31.14 
 (p-t-Bu), 32.58 (d, 4JCP = 7.0 Hz, o-CMe3), and 32.82 (d, 4JCP = 7.2 Hz, o-CMe3), 34.98  
(p-CMe3), 37.72 and 37.81 (o-CMe3), 122.47 and 122.67 (m-CH of Mes*), 123.85 (d,  
1JCP = 121.3 Hz, ipso-C of Mes), 131.35 (d, 3JCP = 15.6 Hz m-CH of Mes), 131.36 (dd,  
1JCP = 60.6 Hz, 3JCP = 13.5 Hz, ipso-C of Mes*), 143.48 (d, 4JCP = 3.2 Hz, p-C of Mes), 
144.00 (dd, 2 JCP = 12.9 Hz, 4 JCP = 1.6 Hz, o-C of Mes), 151.73 (p-C of Mes*), 153.50 
(d, 2JCP = 2.9 Hz, o-C of Mes*), 153.55 (d, 2JCP = 3.4 Hz, o-C of Mes*), 159.42 (dd, 1JCP 
= 96.1 and 83.4 Hz P=C-P) ppm. 
 
MS (CI/NH3, m/z, %): 525 (M + 1, 3), 509 (M – Me, 1) 489 (M – Cl, 25), 475 (M 
– Cl – Me + 1, 10), 57 (t-Bu, 100). 
 
Anal. Calc. for C28H40Cl2OP2: C 64.00; H 7.67. Found: C 64.89; H 7.88%. 
 
 
Synthesis of Mes*P=C(Br)-P(O)(Cl)Mes 18 
 
A solution of nBuLi 1.6 M in hexane (2.01 ml, 3.22 mmol) was added dropwise, 
at  
-100 °C, to a solution of Mes*P=CBr2 (1.38 g, 3.07 mmol) in THF (20 ml). The solution 
turned brown and was stirred at this temperature for an additional hour. The lithium 
compound Mes*P=C(Cl)Li was then transferred to a solution of MesP(O)Cl2 (0.73 g, 
3.07 mmol) in THF (20 ml) cooled to -100 °C. The reaction mixture was stirred for an 
additional hour and allowed to warm to room temperature. Removal of volatiles under 
vacuo and elimination of lithium salts in pentane gave a dark brown solid of 18 (0.72 g, 
41%). 
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31P NMR (CDCl3)  
δ = 326.3 (d, 2JPP = 125.1 Hz, Mes*P) 40.01 (d, 2JPP = 125.1 Hz MesP) ppm. 
 
1H NMR (CDCl3)  
δ = -0.16 (s, 9H, SiMe3), 0.31 (s, 9H, SiMe3), 1.31 (s, 9H, p-t-Bu), 1.67 (d, 5JPH = 
0.49 Hz, 18H, o-t-Bu), 7.55 (d, 4JPH = 5.0 Hz, 2H, H arom) ppm. 
 
 
Synthesis of W(CO)4[Mes*P=C(Cl)-P(S)(Cl)t-Bu] 19 
 
To a solution of W(CO)5THF freshly prepared by irradiation of W(CO)6 (1.50 g, 
4.20 mmol) in THF (60 ml) was added a solution of 13 (0.45, 0.9 mmol) in THF (20 ml) 
at room temperature; the reaction mixture was stirred for one hour. Solvents were 
removed in vacuo and 20 ml of pentane were added to the residue; W(CO)6 was 
removed by filtration. Recrystallization from pentane afforded the complex 19 (0.47 g, 
65%) as red crystals (0.47 g, 65 %, mp 84 °C). 
 
31P{1H}  NMR (CDCl3)  
δ  = 119.8 (d, 2JPP = 116.0 Hz P(S)t-Bu), 340.1 (d, 2JPP = 116.0 Hz, 1JPW = 302.3 
Hz, 
P-Mes*) ppm. 
 
1H NMR (CDCl3)  
δ  = 1.36 (s, 9H, p-t-Bu), 1.45 (d, 9H, 3JPH = 21.9 Hz, P(S)-t-Bu), 1.64 and 1.66 
(2s, 2 x 9H, o-t-Bu), 7.50 – 7.65 (m, 2H, H arom) ppm.  
 
13C NMR (CDCl3) 
δ  = 25.43 (d, 2JCP = 1.0 Hz, Me3C-P), 31.13 (p-Me3C), 33.16 and 33.80 (2s, o-
Me3C), 35.32 (p-Me3C), 38.67 (d, 3JCP = 1.0 Hz) and 38.92 (o-Me3C), 44.63 (dd, 3JCP = 
3.2 Hz,  
1JPC = 51.5 Hz, PCMe3), 123.05 and 123.37 (2d, 3JCP = 6.8 Hz, m-CH), 139.01 (dd,  
3JCP = 12.6 Hz, 1JCP = 77.9 Hz, ipso-C), 153.54 (d, 4JCP = 1.6 Hz, p-C), 154.97 (d, 2JCP = 
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2.9 Hz) and 155.25 (d, 2JCP = 1.7 Hz, o-C), 199.81 (dd, 3JCP = 2.2 Hz, 2JCP = 8.8 Hz, 
CO), 200.96 (dd, 3JCP = 4.7 Hz, 2JCP = 8.9 Hz, CO), 203.77 (dd, 3JCP = 2.2 Hz, 2JCP = 6.2 
Hz, CO), 207.81 (dd, 3JCP = 5.4 Hz, 2JCP = 45.1 Hz, CO) ppm. 
 
MS (CI/NH3, m/z, %): 775 (M – 1, 9), 275 (Mes*P – 1, 100). 
 
IR: 1888, 1933, 1974 and 2030 cm-1 (CO). 
 
Anal. Calcd. Fo rC27H38Cl2O4P2SW: C 41.83, H 4.94. Found C 41.87, H 4.69%. 
 
 
Synthesis of PdCl2[cyMes*P-C(H)(Cl)-P(Cl)t-Bu] 20 
 
To a solution of PdCl2(COD) (0.64 g, 2.24 mmol) in THF (20 ml) (freshly 
prepared from PdCl2 (2.1 g, 11.8 mmol), conc. HCl (5 ml) and 1.5 ml of 1,5-
cyclooctadiene (2.26 g, 6.69 mmol) [34], a solution of 11 (1.00 g, 2.23 mmol) in 
CH2Cl2 (20 ml) was added at room temperature. The reaction mixture was stirred for 2 
additional hours. Solvents and the volatile compounds were removed in vacuo and 20 
ml of pentane were added to the red solid residue. Recrystallization from pentane 
afforded the complex 20 (1.37 g, 98 %) as yellow crystals (mp 183-185 °C). 
 
31P NMR (CDCl3)  
δ = 8.5 (d, 2JPP = 11.9 Hz, P-CH2), 84.14 (d, 2JPP = 11.9 Hz, p-t-Bu) ppm. 
 
1H NMR (CDCl3)  
δ  = 1.42 (s, 9H, p-t-Bu), 1.66 and 1.68 (2s, 2 x 3H, CMe2-cycle), 1.69 (d, 3JPH = 
22.2 Hz, 9H, p-t-Bu), 1.81 (s, 9H, o-t-Bu), 2.78 (t, 2JHH = 2JHP = 15.0 Hz, 1H, HCP), 
2.97 (d,  
2JHH = 15.0 Hz, 1H, H’CP), 6.01 (d, 2JPH = 9.6 Hz, 1H, P-CH-P), 7.31 (t, 4JHH = 4JPH = 
1.8 Hz, 1H, H arom), 7.69 (dd, 4JHH = 1.8 Hz, 4JPH = 6.6 Hz, 1H, H arom) ppm. 
 
13C NMR (CDCl3) 
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δ  = 25.42 (d, 2JCP = 6.1 Hz, Me3C-P), 30.96 (p-Me3C), 31.05 and 31.13 (2s, CMe2 
cycle), 33.72 (o-Me3C), 34.46 (d, 1JCP = 32.8 Hz, Me3C-P), 35.46 (d, 1JCP = 1.1 Hz, 
CH2), 38.12  
(o-Me3C), 43.83 (t, 2JCP = 4JCP = 3.6 Hz, CMe2 cycle), 43.94 (p-Me3C), 59.75 (d, 1JCP = 
7.2 Hz, P-C-P), 119.74 (d, 3JCP = 12.3 Hz) and 125.47 (d, 3JCP = 11.0 Hz, m-C), 128.41 
(d, 1JCP = 23.5 Hz, ipso-C), 155.08 (d, 2JCP = 9.2 Hz) and 162.16 (d, 2JCP = 23.7 Hz, o-
C), 158.60 (d, 4JCP = 3.1 Hz, p-C) ppm. 
 
Anal. Calcd. for C23H38Cl4P2Pd: C 44.22, H 6.13. Found C 43.98, H 6.38%. 
 
 
Synthesis of PdCl2[CyP-C(H)(Cl)-P(S)(Cl)t-Bu] 21 
 
To a solution of PdCl2(COD) (0.30 g 1.07 mmol) in CH2Cl2 (10 ml), [34] a 
solution of 13 (0.50 g, 1.065 mmol) in CH2Cl2 (5 ml) was added under stirring. The 
reaction mixture was stirred for 24 hours at room temperature. Solvents and the volatile 
compounds were removed in vacuo and 20 ml of pentane were added to the red solid 
residue. Recrystallization from pentane afforded the complex 21 as red crystals (0.43 g, 
62 %, mp 210 °C). 
 
31P NMR (CDCl3)  
δ = 69.9 (d, 2JPP = 28.1 Hz P-CH2), 128.6 (d, 2JPP = 28.1 Hz, P(S)-t-Bu) ppm.  
 
1H NMR (CDCl3)  
δ  = 1.33 (s, 9H, p-t-Bu), 1.54 (d, 3JPH = 22.5 Hz, 9H, p-t-Bu), 1.54 and 1.61 (2s, 2 
x 3H, CMe2-cycle), 1.77 (s, 9H, o-t-Bu), 2.69 (dd, 2JHH = 15.9 Hz, 2JHP = 11.4 Hz, 1H, 
HCMe2), 3.10 (d, 2JHH = 15.9 Hz, 1H, H’CMe2), 5.46 (dd, 2JPH = 1.2 Hz, 2JP(S)H = 7.8 
Hz, 1H,  
P-CH-P), 7.15 (broad s, 1H, H arom), 7.61 (dd, 4JPH = 7.0 Hz, 4JHH = 1.8 Hz, 1H, H 
arom) ppm. 
 
 
13C NMR (CDCl3) 
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δ = 25.18 (d, 2JPC = 1.0 Hz, Me3C-P), 30.59 and 34.97 (2d, 4JPC = 4.8 Hz, CMe2 
cycle) 31.03 (p-Me3C), 31.05 (CH2), 34.16 (s, o-Me3C), 38.52 (s, o-Me3C), 42.78 (dd, 
2JPC = 35.7 Hz, 4JPC = 4.8 Hz, CMe2 cycle), 45.03 (d, 4JPC = 2.3 Hz, p-Me3C), 58.29 (dd, 
1JPC = 37.8 and 6.3 Hz, Hz, P-C-P), 119.26 (d, 3JPC = 12.1 Hz) and 126.30 (d, 3JPC = 10.6 
Hz, m-C), 128.63 (d, 1JPC = 60.2 Hz, ipso-C), 152.97 (d, 2JCP = 11.3 Hz) and 160.92 (d, 
2JCP = 20.4 Hz, o-C), 157.76 (d, 4JPC = 3.0 Hz, p-C) ppm. 
 
MS (EI, 70 eV, m/z, %): 656 (M, 1), 477 (M – PdCl2 – 1, 15), 445 (M – PdCl2 – S 
– 1, 10), 421 (M – PdCl2 – t-Bu, 12), 275 (Mes*P – 1, 100). 
 
Anal. Calcd. for C23H38Cl4P2PdS: C 42.06, H 5.83. Found C 42.22, H 5.48%. 
 
 
Synthesis of Mes*P=C(Cl)SiMe3 22 
 
9.14 ml of a 1.6 M solution of nBuLi (14.6 mmol) were added at -80°C to 5 g 
(13.9 mmol) of dichlorophosphaalkene 5 dissolved in 50 ml of THF. The reaction 
mixture was stirred for an additional hour at -80 °C until complete lithiation and then 
the mixture was cooled down to – 100°C. The chlorotrimethylsilane (2.56 ml, 2.17 g, 20 
mmol) was then added dropwise during 15 minutes. After the complete addition, the 
reaction mixture was allowed to warm to room temperature overnight. After removal of 
solvents in vacuo, the crude trimethylsilylphosphaalkene 22 was used for the synthesis 
of 23.  
 
31P NMR (CDCl3)  
δ = 287.1 ppm 
 
1H NMR (CDCl3)  
δ = 0.41 (d, 4JPH = 1.1 Hz, 9H, SiMe3), 1.33 (s, 9H, p-t-Bu), 1.42 (s, 9H, p-t-Bu), 
1.67 (d, 5JPH = 0.5 Hz, 18H, o-t-Bu), 7.70 (d, 4JHH = 1.3 Hz, H arom) 
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Synthesis of Mes*P=C(SiMe3)2 23 
 
8.2 ml of a 1.7 M solution of t-BuLi (13.9 mmol) were added at -100°C to 5.52 g 
(13.9 mmol) of 22 dissolved in 50 ml of THF. The reaction mixture was stirred for 2 
hours at -100°C. Chlorotrimethylsilane (2.56 ml, 2.17 g, 20 mmol) was added dropwise 
to the reaction mixture. After the complete addition, the reaction mixture was allowed to 
warm to room temperature. After removal of solvents under vacuum and lithium salts 
by filtration in pentane, a recrystallization gave derivative 23 as dark–brown crystals 
(5.0 g, 82% from 5). 
 
31P NMR (CDCl3)  
δ = 391.1 ppm 
 
 
Synthesis of (Me3Si)2C=P(Mes*)=CCl2 24  
To a solution of CHCl3 (1 ml, 1.3 g, 10.8 mmol) in THF cooled at -90°C were 
added 6.9 ml of a solution of n-BuLi (11.66 mmol). The reaction mixture was allowed 
to react for one hour at -80°C, and then the brown solution of CCl3Li was frozen to -
120°C. A solution of Mes*P=C(SiMe3)2 (2.75 g, 10.1 mmol) in 50 ml of THF cooled to 
-80°C was transferred onto the frozen lithium derivative. The mixture was allowed to 
warm to room temperature and the lithium salts were removed by replacing the solvent 
with pentane and filtration. Recrystallization from pentane gave 24 as yellow crystals 
(3.02 g, 92%).  
 
31P NMR (CDCl3)  
δ = 128.7 ppm 
 
1H NMR (CDCl3)  
δ = -0.16, 0.31 (2 X s, 2 X 9H, 2 X SiMe3), 1.31 (s, 9H, p-t-Bu), 1.67 (d, 5JPH = 0.49 Hz, 
18H, o-t-Bu), 7.55 (d, 4JPH = 5.0 Hz, 2H, arom H) 
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Synthesis of (Me3Si)2C=P(Mes*)=C(Cl)-P(Cl)(t-Bu) 25 
 
2.48 ml of t-BuLi 1.7 M (4.22 mmol) were added to a solution of 19 (2.1 g, 4.06 
mmol) in THF (50 ml) cooled at -100°C. After one hour of stirring at -80°C, the brown 
solution of (Me3Si)2C=P(Mes*)=CClLi was transferred to a solution of tert-
butyldichlorophosphine 9 in THF cooled at -80°C. The mixture was allowed to warm to 
room temperature under stirring. The lithium salts were removed by precipitation in 
pentane and removal of the volatiles gave 20 as a brown solid. (1.89 g, 77 %) 
 
31P NMR (CDCl3)  
δ = 112.0 (m, 2JPP = 164.3 Hz, 4JPH = 9 Hz, p-t-Bu), 166.08 (d, 2JPP = 164.3 Hz, 
P=C(SiMe3)2) ppm. 
 
1H NMR (CDCl3)  
δ =  -0.16 (s, 9H, SiMe3), 0.39 (s, 9H, SiMe3), 1.24 (d, 3JPH = 14.70 Hz, 9H, p-t-
Bu), 1.32 (s, 9H, p-t-Bu), 1.67 (s, 9H, o-t-Bu) 1.70 (d, 5JPH = 0.55 Hz, 9H, o-t-Bu), 7.51 
(dd, 4JPH = 4.70, 4JHH = 1.9 Hz, 1H, H arom) 7.57 (dd, 4JPH  = 4.9, 4JHH = 1.6 Hz, 1H, H 
arom) ppm.  
 
13C NMR (C6D6)  
δ = 4.05 (d, 3JCP = 4.8 Hz, C(SiMe3)(SiMe3)), 4.63 (d, 3JCP = 4.8 Hz, 
C(SiMe3)(SiMe3)), 30.96 (s, p-CH3), 34.02 (s, o-CH3), 35.23 (d, 4JCP = 0.9 Hz, p-
C(CH3)3), 40.22 (d, 3JPC = 2.8 Hz, o-C(CH3)3), 54.36 (d, 1JPC = 48.7 Hz, PC(SiMe3)2), 
90.04 (d, 1JPC = 156.1 Hz, PCCl), 121.07 (d, 1JPC = 93.3 Hz, C ipso), 125.47 (d, 3JPC = 
13.2 Hz, m-C), 154.69 (d, 4JPC = 3.2 Hz, p-C), 155.41 (d, 2JPC = 7.8 Hz, o-C) ppm. 
 
MS (EI): m/z (%) = 604 (1) [M]+, 589 (1) [M – Me]+, 569 (20) [M – Cl]+, 547 
(18)  
[M – t-Bu]+. 
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Table 4.3. Compound number summary (the newly synthesized products presented in 
this chapter are underlined) 
t-BuPCl2 9 MesPCl2 10 
 
11 
 
12 
 
13 
 
14 
 
15 
 
16 
 
17 
 
18 
 
19 
 
20 
 
21 
 
22 
 
23 
 
24 
 
25   
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GENERAL CONCLUSIONS 
 
This study presents the synthesis, theoretical investigations and reactivity of  new 
diphosphapropenes and diphosphaallenes. 
 
A theoretical study using DFT methods on the compounds of the general formula 
H2CP2O has been carried out. This study reveals that the desired HP=C=P(=O)H structure 
is energetically less stable than a series of three or four membered rings.  Carbene and 
phosphinylidene (heavier analogs of nitrenes) are as expected the least stable compounds. 
We have studied the effects of groups bonded to the phosphorus atoms of the 
P=C=P(O) skeleton in order to determine the best suited substituent that would stabilize 
this moiety. Two isomers of lower energy than the desired 1λ3σ2,3λ5σ3–diphosphaallene 
were investigated. Groups having both strong electronic or steric effects (F, Cl, Ph, Mes, 
Mes*) have been considered and two important trends were observed: the presence of a 
bulky substituent on the phosphorus atoms stabilizes the P=C=P(O) moiety (when 2 Mes* 
groups are attached at the phosphorus atoms, the diphosphaallene becomes the most stable 
of the series while in the parent compound a difference of 31 kcal/mol relative to the most 
stable of the series was calculated). The second pattern observed was the destabilization 
effect of P=C=P(O) skeleton of groups having a strong electronic effect like F or Cl. The 
geometries of X-P=C=P(O)-X’ have been determined.  
 
A new type of diphosphallene, the phosphavinylidene(oxo)phosphorane 
Mes*P=C=P(O)Mes*, was synthesized and fully characterized by various spectroscopic 
methods. The derivative was obtained as a compound stable in solid-state for months that 
rapidly rearranges in solution. However, various NMR experiments and mass spectroscopy 
prove the presence of the diphosphaallene skeleton.  
The rearrangement in solution takes place through a cyclization of one Mes* 
groups by the addition of a H–C(methyl) bond of an o-t-Bu to the P(O)=C double bond. 
The reaction was observed even at low temperature and was confirmed by an X-ray 
diffraction study of a degradation product (hydrolysis of the cyclic derivative).  
The P=C=P(O) moiety was also confirmed by an X-Ray diffraction study 
performed on the hydrolysis product. The addition of water to the 
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phosphavinylidene(oxo)phosphorane occurred regioselectively on the P(O)=C double bond 
which appeared to be more reactive than the P=C one. 
 
As the diphosphaallene rapidly degrades in solution, the reactivity study could not 
be carried out in depth. For this reason, attempts have been made to obtain similar 
compounds bearing a different organic group on the P(O)=C unit that cannot give a 
cyclization reaction. 
Several dichlorodiphosphapropenes of Mes*P=C(Cl)-P(Cl)(E)R (E = O, S; R = t-
Bu, Mes) type, possible precursors for the P=C=P(O) structure, have been synthesized by 
oxidation or sulfuration of the corresponding Mes*P=C(Cl)-P(Cl)R compound.. The 
presence of two chlorine atoms should normally allow the formation of a second double 
bond by elimination. However, attempts made to obtain the cumulative P(E)=C double 
bond failed.  
 
Coordination of diphosphapropenes to a transition metal has been studied. The 
metal complexes obtained in this way are potential precursors of diphosphaallene 
derivatives by removal of chlorine atoms.  
Three complexes of tungsten and palladium have been obtained and fully 
characterized – The tungsten was complexed in a bidentate way;  for the palladium 
complexes, a cyclization reaction was observed, in which an addition similar to that 
described for diphosphaallene Mes*P=C=P(O)Mes* occurs. 
 
This work provides a useful insight in the chemistry of organometallic derivatives 
of phosphorus in which the two phosphorus atoms are in different oxidation states. Novel 
compounds are reported, some of them being the first of their type. Theoretical aspects 
about relative energies of diphosphaallenes of P=C=P(O) type and their isomers (cyclic or 
acyclic) are also discussed. The applications of transition metal complexes of these types 
of compounds in catalysis and medicine are still under investigation. 
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Conclusion Générale 
 
Cette étude présente la synthèse, des calculs théoriques et la réactivité de nouveaux 
diphosphapropènes et diphosphaallènes. 
Une étude théorique en utilisant des méthodes DFT sur les dérivés de formule brute 
H2CP2O révèle que le diphosphaallène HP=C=P(=O)H est énergétiquement moins stable 
que certains isomères cycliques à trois ou quatre chaînons. Tous les isomères possibles ont 
été pris en compte, y compris ceux du type carbène ou phosphinidène qui, comme attendu, 
sont les moins stables.  
Nous avons également étudié les effets des substituants liés aux atomes de 
phosphore du fragment P=C=P(O) pour déterminer le meilleur groupement qui permettrait 
une stabilisation de ce motif.  
Deux  isomères d'énergie plus faible que le 1λ3σ2,3λ5σ3–diphosphaallène 
-P=C=P(O)- (appelé aussi phosphavinylidène(oxo)phosphorane), mais qui contiennent des 
atomes de phosphore λ3σ2/λ5σ3 et λ3σ1/λ5σ4 ont été étudiés. Des groupes ayant de forts 
effets électroniques ou stériques (F, Cl, Ph, Mes, Mes*) ont été considérés. Deux grandes 
tendances ont été observées: la présence d'un substituant volumineux sur les atomes de 
phosphore stabilise l’unité P=C=P(O) (avec 2 groupes Mes* sur les atomes de phosphore 
le diphosphaallène devient le dérivé le plus stable de la série, tandis que dans la molécule 
parent une différence de 31 kcal/mol par rapport au composé le plus stable de la série a été 
calculée). La deuxième tendance observée est la déstabilisation du motif P=C=P(O) par les 
groupes ayant un fort effet électronique comme F ou Cl. 
 
Un nouveau type de diphosphaallène, Mes*-P=C=P(O)Mes*, a été synthétisé et 
entièrement caractérisé par diverses méthodes spectroscopiques. Ce dérivé a été obtenu 
sous la forme d’un produit stable à l'état solide pendant plusieurs mois ; par contre il se 
réarrange rapidement en solution. Diverses expériences de RMN et spectroscopie de masse 
prouvent la présence du motif diphosphaallénique.  
Le réarrangement en solution se fait par une cyclisation de l'un des groupes Mes* 
consécutive à l’addition d'une liaison H–C (méthyle) d'un fragment o-t-Bu sur la double 
liaison P(O)=C. Ce réarrangement a été observé même à basse température et a été 
confirmé par une étude de diffraction des rayons X du produit d’hydrolyse correspondant. 
La présence du motif P=C=P(O) a été également confirmée par une étude de diffraction 
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des rayons X effectuée sur le produit d’hydrolyse. L’addition d'eau au 
phosphavinylidène(oxo)phosphorane a lieu régiosélectivement sur la double liaison 
P(O)=C, qui est donc beaucoup plus réactive que la double liaison P=C. Des études de 
RMN 2D HMBC et HSQC ont également été effectuées. 
Comme ce diphosphaallène se dégrade rapidement en solution et qu’il a été difficile 
d’effectuer une étude de réactivité très complète, des tentatives ont été faites pour obtenir 
des composés similaires portant un groupe organique différent sur le fragment P(O)=C. 
Plusieurs dichlorodiphosphapropènes de type Mes*P=C(Cl)-P(Cl)(E)R (E = O, S ; 
R = t-Bu, Mes), précurseurs possibles de structures de type P=C=P(E) ont été synthétisés. 
La présence de deux atomes de chlore devrait théoriquement permettre la formation d'une 
seconde double liaison par une réaction de déchloration. Cependant les essais faits pour 
l’obtention des diphosphaallènes correspondants ont échoué.  
Nous avons étudié la coordination des dichlorodiphosphapropènes sur  un métal de 
transition. Les complexes obtenus sont également des précurseurs potentiels de dérivés de 
type diphosphaallène. L’étude de leur déchloration est en cours. 
Trois complexes du tungstène  et du palladium ont été synthétisés et entièrement 
caractérisés. – Dans tous les cas des complexes bidentés ont été obtenus. Avec le 
palladium, une réaction de cyclisation impliquant le groupe supermésityle a été observée, 
similaire à celle décrite pour le diphosphaallène Mes*P=C=P(O)Mes*.  
 
Ce travail est une contribution à la chimie de dérivés diphosphorés dans lesquels les 
deux atomes de phosphore sont dans des états d'oxydation différents. De nombreux  
nouveaux composés sont décrits, certains d'entre eux étant les premiers de leur type. Les 
applications des complexes de métaux de transition synthétisés dans cette étude en  
catalyse et médecine sont actuellement  en cours d’investigation. 
 
Résumé français 
 
Synthèse et réactivité de nouveaux diphosphaallènes et diphosphapropènes 
 
 Ce travail concerne l’étude de dérivés à basse coordinence du phosphore tels que 
diphosphaallènes et diphosphapropènes. 
 Le premier chapitre est une revue bibliographique qui présente ce qui a été réalisé ces 
dernières années dans le domaine des dérivés alléniques du phosphore. Grâce aux différentes 
possibilités de coordinence de l’atome de phosphore, ce qui en fait sa richesse, de nombreux 
types de 1,3-diphosphaallènes ont déjà été obtenus. Les différentes méthodes de synthèse, les 
caractéristiques physicochimiques (RMN et études structurales par rayons X), les aspects 
principaux de leur réactivité (notamment leur utilisation comme ligands avec des métaux de 
transition) et pour finir des études théoriques (stabilité relative des différents isomères, 
charges, structure électronique…) sont décrits. Un paragraphe est également consacré aux 
1,3-diphosphapropènes précurseurs potentiels des 1,3-diphosphaallènes. 
 Le deuxième chapitre est une étude théorique sur les dérivés de formule brute 
CXX’OP2 (X, X’ = H, F, Cl, Ph, Mes, Mes*) cycliques et acycliques. La géométrie et la 
stabilité relative de tous les isomères possédant un enchaînement PCP ont été calculées. 
L’influence de groupements électronégatifs ou aromatiques sur la stabilisation préférentielle 
de chacun des isomères, et notamment des diphosphaallènes XP=C=P(O)X’, a été déterminée. 
 La synthèse et la caractérisation du premier 1,3-diphosphaallène du type 1-λ3σ2, 
3λ5σ3, le phosphavinylidène(oxo)phosphorane Mes*P=C=P(O)Mes*, sont présentées dans le 
troisième chapitre. Le mécanisme de sa formation est expliquée et sa réactivité chimique 
décrite. Les dérivés formés ont été caractérisés par RMN multinoyaux et des techniques 
HMBC, HSQC et COSY, ainsi que dans plusieurs cas par rayons X. 
 Enfin dans le dernier chapitre sont présentées la synthèse et les propriétés 
coordinatrices de nouveaux 1,3-diphosphapropènes. L’accent est mis sur les 1,2-
dichlorodiphosphapropènes Mes*P=C(Cl)-P(Cl)(A)R (A = O, S). La présence de chlore sur 
les atomes de phosphore et de carbone central permet de fonctionnaliser ces dérivés. 
Différents types de complexes (η1 ou η2 sur un atome de phosphore ou de soufre) avec le 
palladium, le platine et le tungstène ont été obtenus et caractérisés par une étude structurale 
par rayons X.  
 
Mots clés : hétéroallènes, diphosphaallènes, diphosphapropènes, métaux de transition, 
complexes 
